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ABSTRACT 
BUTTERFIELD, B.G. 1974. Studies on the Vascular Cambium. 
Ph.D. thesis. University of Canterbury, Christchurch, 
New Zealand. The nature of the vascular cambium is 
discussed and the length of the elements in the secondary 
xylem related to the division and elongation cycles of the 
cambial fusiform initials. Particular attention is given 
to the activities of the storeyed cambium. The ontogeny 
of the storeyed cambium is described for Hoheria angusti-
folia Raoul. (Malvaceae). The transition from procambium 
to cambium was found to take place gradually, the meristem 
acquiring cambial characteristics over a number of inter-
nodes, some before and some after internodal elongation 
had ceased. The cambium is non storeyed at the commence-
ment of secondary growth but later develops a storeyed 
pattern. Developmental changes in the cambium with 
radial growth were studied in Aeschynomene hispida Willd. 
(Papilionaceae). Repeated radial longitudinal divisions 
in the fusiform cambial initials in this plant produce a 
highly developed storeyed pattern with ~adial growth. 
The frequency of these divisions decreases with increasing 
distance from the stem centre. The mean length of the 
fusiform i,ni tials decreases slightly with radial growth. 
Variation in the size of the fusiform initials and vessel 
members was also investigated in Hoberia angustifolia. 
Mean length of the fusiform initials was found to remain 
constant with increasing distance from the stem centre 
but a slight decrease was observed with increasing height 
in the tree. Mean fusiform initial width showed an 
increase followed by a decrease with increasing height in 
the tree. The significance of these results is relat_d 
to the division pattern in the storeyed cambium. 
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SECTION ONE 
THE VASCULAR CAMBIUM AND CELL SIZE 
IN THE SECONDARY XYLEM: AN INTRIDUCTION AND 
REVIEW OF LITERATURE 
1.1 SUMMARY 
The nature of the vascular cambium is discussed. The 
cambium is defined as a multiseriate cylinder of periclinally 
dividing cells between the differentiating xylem and phloem. 
The existance of a single initial in each radial file of 
cells is recognised and defined as the site of anticlinal 
division in the cambium. 
The relationship in length of the fusiform cambial 
initials to the xylem elements is also discussed and the 
literature relating to cell length in the secondary xylem 
Two basic patterns of cell length variation are 
found: (i) that occurring from the stem centre outwards 
along a radius and (ii) that occurring up the tree. Variation 
patterns within the growth ring, within the same species 
growing on different sites, and between species are also 
discussed. 
Cell length changes in the secondary xylem are attributed 
to developmental changes occurring in the vascular cambium 
with radial growth. the frequency and timing of anticlinal 
cell division, cell loss and cell elongation in the cambium 
all contributing to the resultant tracheid and vessel 
element lengths. 
The scope of this thesis is outlined. 
1.2 INTRODUCTION 
The vascular cambium as a meristem is the source of the 
greater bulk of plant material, and the tissues produced 
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from it are some of the most complex found in plants. It is 
from this meristem that wood, one of the world's greatest 
natural products, is derived. For over a century. various 
aspects of the action, development and control of the cambium 
have been studied by a great number of workers. Many of the 
properties of the meristem remain unknown, however, and there 
is still room for research within this field. Its complexity 
and variety of development has induced Lorch (1967) to term 
it the "elusive cambium~ 
A number of conflicting views are held on the nature 
of the cambium. The cambial zone normally consists of an 
unbroken cylinder of undifferentiated meristematic cells 
arranged in radial files. These files extend into the mature 
secondary xylem and secondary phloem where they may become 
obscured by changes that occur with differentiation. Dividing 
cells close to the mature phloem form the phloem mother cells, 
while those adjacent to the xylem are the xylem mother cells. 
The transitions in cell type and activity through the cambial 
zone are gradual, especially in the active cambia of 
dicotyledons, and in practice it is difficult to define the 
radial extent of the true cambium. Catesson (1964) made a 
careful attempt to define the limits of the cambium. She 
concluded that the term was best reserved for a truly meri~ 
stematic region where mitoses are abundant and where the cells 
are narrow with thin walls. Such a cambium is separated from 
mature xylem and phloem tissue by bands of cells in which size 
changes and other differentiation processes are proceeding. 
The concept of a multiseriate cambium mayor may not 
include reference to a single initial within each radial file 
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of cells. One school of thought postulates a multiseriate zone 
in which all the cells are equivalent. This interpretation 
proposed by Raatz (1892), has been given support by Catesson 
(1964). From a meticulous study of active cambium of ~ 
pseydQplatlQY§ L., she found it impossible to distinguish a 
layer in which divisions were more or less frequent than in 
adjacent cells. Nor could an initial be distinguished by any 
other criterion such as histochemical, anatomical or cytological 
differences. She therefore concluded that the active cambium 
was formed of several layers of similar cells, each endowed 
with equal powers of multiplication. 
The most widely held interpretation of the cambium, 
however. postulates the existence of a single initial cell 
in each radial file of cambial cells from which all the 
derivatives of the cambium are ultimately derived. Such an 
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initial lies somewhere between the xylem and phloem mother cells. 
Evidence in favour of this concept has been provided by Bannan 
(1955, 1968) and Newman (1956), both of whom were able to 
distinguish single initials between the xylem and phloem in 
gymnosperms. The continuity of the radial files of cells on 
either side of the cambium is the most convincing argument in 
favour of the single initial theory. In conifers, virtually 
all the anticlinal divisions within the cambium result in 
doubled files of cells in the tissues to both sides of the 
meristem. Other features also correspond in the xylem and 
phloem. including the 1055 of radial files of axial cells and 
the replacement of such files by rays. If the initiating layer 
wer. more than one cell wide. an exact duplication of all anti-
clinal diviSions. loss or conversion to ray initials would be 
required in the several initials of the radial file. in order to 
produce corresponding patterns in the xylem and phloem. 
Further evidence in support of the existence of a single initial 
in each radial file of cells in the cambium has been provided by 
Murmanis (1970). Working on pinus strobus L •• this author 
detected differences in the thickness of the tangential walls 
thereby enabling him to group the cells according to the 
sequence of the previous divisions. This enabled him to deduce 
the pOSition of the initial. The location of the initial in 
most species remains, however, difficult if not impossible to 
determine in light microscope sections. 
The small amount of published information on anticlinal 
divisions in the cambia of dicotyledons shows that they could 
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be restricted to a single layer (Cumbie, 1967a) or be distributed 
over several layers (Catesson, 1964). This is perhaps not 
surprising in view of the complexity and variety of activity of 
the cambia of these plants. The single initial concept, 
however, is still an attractive one for the same reasons as have 
been applied to the cambia of conifers. Even where a wide 
multiseriate zone of periclinally dividing cells occurs, there 
could still be only one initial in each radial file. Such 
initials need not be tangentially aligned, that is, the initials 
may not form a cylinder within the cambium, but may be radially 
offset according to their immediate state of mitotic activity. 
While periclinal divisions may continue in the xylem and phloem 
mother cells, anticlinal (sometimes termed multiplicative) 
divisions are virtually restricted to the initials (Bannan, 1955). 
Despite the difficulty in isolating the actual initials in 
an actively dividing cambial zone, there is a significant group 
of anatomists who restrict the use of the word "cambium" to the 
initials only. By their definition the cambium is a 
functionally uniseriate layer between actively dividing xylem 
and phloem. This interpretation is commonly used in the 
cl-LAI 
American literature (WilSO~ 1966; Zimmerman and Brown, 1971). 
The present author leans to the interpretation of the 
cambium as a multiseriate zone of cells lying between the 
differentiating secondary xylem and phloem but recognizes the 
existence of a distinct initial lying somewhere within each 
radial file of cells. This is the definition of the word 
10 
"cambium" that will be used throughout this thesis. A diagram-
matic presentation of the terminology relating to the cambium 
used here i~ presented in Fig. 1-1. 
Most of our present knowledge on the developmental and size 
changes that occur in the vascular cambium with radial growth, 
has been obtained from investigations made on the secondary 
xylem and phloem and not from direct observations of the cambium 
itself. For a time there was a tendency to use the phloem 
derivatives for studying the changes that had occurred in the 
cambium, the most notable piece of research being that undertaken 
by Klinken (1914) who, using the phloem derivatives of Taxus 
baccata L., first developed the technique of examining serial 
tangential sections for studying developmental changes in the 
cambium. One reason for using the phloem in preference to the 
xylem was that the phloem elements were thought to change less 
in size during maturation and hence the tangential sections were 
expected to give a more accurate picture of the probable lengths 
of the cambial initials at the time that the phloem cells were 
formed. Esau and Cheadle (1955), however, have shown that 
divisions varying in plane f~ vertical to almost transverse, 
SECGJDARY PHLOEM Mature tissue 
Secondary walls deposited (a ) 
DIFFERENTIATING PHLOEM Cells enlarging 
Limited cell division (b, c) 
PHLOEM 
MOTHER CELLS Periclinal division 
CAMBIUM CAMBIAL Periclinal and INITIAL anticlinal division 
XYLEM Periclinal division MOTHER CELLS 
Limited cell division (c) 
DIFFERENTIATING XYLEM Cells enlarging 
Secondary walls deposited 
SECGJDARY XYLEM Mature tissue 
Fig.l-l. Terminology used in this thesis for describing 
the tissues associated with the vascular cambium. 
Notes: (a) Fibres and sclereids only. 
(b) Some transverse and longitudinal divisions 
associated with sieve tube and companion 
cell development. 
(c) Some transverse divisions associated with 
the development of axial parenchyma strands. 
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are common within the phloem derivatives of the cambium. Thus 
although sieve elements may not elongate much during different-
iation, they may not bear any relation to the length of the 
fusiform initials from which they are derived. Furthermore, if 
the sequence of divisions and size changes is to be traced back 
over any prolonged period of time, the secondary xylem must be 
used in preference to the phloem, since distortion and abscission 
affect the phloem. Since divisions are frequent to the xylem 
side of the cambium, this tissue gives a more complete picture 
of the developmental changes that have occurred in the cambium. 
Bannan (1950) has noted that some anticlinal divisions of the 
cambium, especially those followed by the loss of certain cells, 
are not always recorded in the phloem. 
Although a record of the principal size changes is pre-
served in the secondary xylem, this tissue does not give a 
completely accurate picture of the activities of the meristem. 
Cell length data, for example, is erroneous to the extent of 
the elongation of the mature elements. The extent of this 
elongation and any resulting cell rearrangement varies greatly 
between cell types and also between cells of the one type 
occurring in,different parts of the growth rings and internodes 
of anyone tree. Since conifer tracheids elongate relatively 
little during differentiation (Kozlowski, 1971), variations in 
their lengths are often taken as an approximate indication of 
the size fluctuations that have occurred in the cambium. 
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Dicotyledonous vessel members also change very little in 
length dUEing differentiation. On the other hand, variations 
in length of dicotyledon fibres are due in part to the intrusive 
growth that has occUEred during differentiation. Studies on 
plants with storeyed cambia, where the fusiform initials are 
assumed to remain approximately the same length throughout the 
growing season, have shown that fibres elongate by varying 
amounts depending on their position within the growth ring 
(Chalk ~ 41, 1955; Hejnowicz and Hejnowicz. 1959). Factors 
such as temperature influencing cell wall plasticity may 
produce changes in the degree of fibre elongation with season. 
Hence the patterns of size change in the fibres of dicotyledons 
cannot be regarded as indicating any size changes that have 
occuEred in the cambium with radial growth. While vessel 
members are generally believed to represent the length of the 
fusiform initials of thE cambium from which they were derived, 
the method used to measure them would appear to be important. 
Chalk and Chattaway (1934) concluded that the total member 
length as measured from tip to tip of the vessel msmber corre-
sponded mOEe closely in length with the fusiform initial than 
did the mean body length as measured from the centre of the 
pores and ignoring any tailor extension. 
Section four of this thesis examines the relationship 
between fusiform cambial initial length and the length of the 
vessel members in Haheria anqustifolia RaOUl. It also records 
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data illustrating minor fluctuations in the length of vessel 
members within the growth ring and relates these to the width 
of the cell and the angle of the end walls. 
1.3 CELL LENGTH VARIATIONS WITHIN THE SECONDARY XYLEM 
The general pattern of variation in tracheid length within 
the secondary xylem of conifers was established by Sanio (1872) 
for Pinus sylyestris L., and has since been observed to occur 
for other cell types in many other conifers and dicotyledons. 
The literature dealing with the variation in size of the xylem 
elements has been reviewed by Spurr and Hyvarinen (1954) and 
Dinwoodie (1961). Two major patterns of variation occur which 
may be thought of as (i) horizontal, or occurring across and 
within the growth rings of the stem from the primary xylem 
outwards, and (ii) vertical, or the pattern occurring up the 
tree either within a single growth ring or at a specific radial 
distance from the stem centre. The literature relating to 
these two aspects of variation will be considered separately 
along with the other factors that superimpose minor fluct-
uations on the basic pattern. 
1.3.1 Variation in cell length at anyone level in the tree. 
From his observations on Pinys sylvestris, Sanio (1872) 
concluded that tracheid length at anyone level in the tree 
increased outwards from the pith through a number of annual 
rings until a certain size was reached and then remained 
constant through the following rings. 
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While there has since 
been general agreement that there is an initial increase in 
cell length over the early part of radial growth until a 
maximum is reached in many woody plants, investigations beyond 
this point are somewhat contradictory. While some investigat-
ors have recorded results similar to those of Sanio, others 
have recorded a decrease, an increase, or even considerable 
fluctuations in cell length after the ini~ial increase. 
The tracheid length findings of Sanio for Scot's pine have 
also been recorded in a number of other studies including those 
on Pseudotsuga menziesii Franco by Mell (1910), Seguoia 
semperyireoi. (Lamb.) Enal4 by Bailey and Faull (1934), pinus 
taeda L. by Bethel (1941), picea abi~~ Karst. by Nilsson (1943), 
Pinys densiflora Siebe et Zucc. by Hata (1949), Pinyt radiata 
D.Don. by Dadswell (1958) and Chalk and Ortiz (1961), Pinus 
sylvestri§ by Schultze-Dewitz (1965) and Pinys kesiya Royle 
by Burley (1969). The point at which maximum tracheid length 
is reached appears to vary both with the species and with the 
rate of growth, there being considerable variation among the 
reports listed above. 
Not all investigators, however, have agreed with Sanio's 
concept that a constant cell length is attained after an 
initial increase. A gradual but progressive increase in 
tracheid length with radial growth after the initial maximum 
has been reached, has been recorded for p§eudotsyga menziesii 
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hy Gerry (1916), for Pious carihaei Morelet and P. hy Kramer 
(1957) for flaus taeda by Jackson and Green (1958) and Kromhout 
(1963), for fiaus ~atula L. and Pinys elliotil Engelm. by 
Kromhout (1963), for Larix sibirica Ledeb. by Bajdalina and 
Malyseva (1967), for Thy'; pli~ata by Wellwood and Jurazs 
(1969), for ficea smithiana Boiss. by Ahmad (1969), for Abies 
plndrow Spach. by Ahmad (1970), and for Pinus denslflora by 
Sudo (1968). In some cases it is doubtful whether the stems 
examined were of sufficient age for the maximum tracheid length 
to have been reached. 
other studies have revealed considerable fluctuation in 
the tracheid length after the initial maximum has been reached. 
these include studies on fings strobus L. and Abies concolor 
Lindl. by Shepard and Bailey (1914) and Bailey and Shepard 
(1915), on Pinus contorta Dougl. by Keinholz (1931), on Larlx 
hy Laing (1948) and on Picea sitchensi~ Carr. by Dinwoodie 
(1963). 
there have been fewer investigations on the pattern of 
cell length across the stem in dicotyledons. Although Hartig 
(1885) reported a decrease in fibre length towards the cambium 
in Fagus ~~lXQtica L., the majority of investigators have found 
that dicotyledon fibres follow essentially the same changes in 
length with radial growth as do conifer tracheids. Bisset and 
Dadswell (1949) found that fibre length increased for about 
the first ten years in Eucalyptus regnans F.Muell. and then 
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remained constant. Desch (1932), however, recorded an 
increase in cell length in Fagus sylyatica even after 129 years 
and on poplar and alder after 100 years although the most rapid 
increase occurred during the first 5 to 10 years. Rao (1959) 
found that the most rapid increase occurred in the first 15 
rings in Fagus sylyatica and in the first 25 rings in Quercus 
robur Liebl. and ~ gseudoplatanus, after which only a slight 
increase in length occurred. Essentially similar results have 
been recorded for Iectonia grandis L. by Parameswaran (1964) , 
who found that both septate and non-septate fibres increased in 
length from the pith to the bark, for Eucalyptus gomphoceghala 
A.D.C. by Stern-Cohen and Fahn (1964) and for Pogulus A robusta 
by Babas (1970). 
The fibres in plants with storeyed cambia appear to follow 
the same general trend of an increase in length with distance 
from the stem centre followed by a general levelling out of the 
graph. This type of pattern has been recorded by Chalk ~ £1. 
(1955) for pterocargus angolensis D.C. and Hejnowicz and 
Hejnowicz (1959) and Rao (1962) for Robinia pseudoacacia L. 
Angiosperm vessel members have received less attention than 
have tracheids and fibres in these attempts to establish the 
pattern of cell size changes across the stem. Pritchard and 
Bailey (1916) found no difference in vessel member length in 
Carya oyata K.Koch. with radial distance from the pith. A 
similar result has been recorded for late wood vessel members 
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in frixin~s ex,elsior L. by 80sshard (1951). Hejnowicz and 
Hejnowicz (1958) found that vessel member length doubled 
between the first and last growth rings in a 31 year old stem 
of PgDulu§ tremulA L. Ranatunga (1964) also found that vessel 
member length increased outwards from the pith in Eucalyptus 
grand1s Hill, reaching a maximum at about one quarter of the 
radial distance out in a 9 year old stem. Fabri-Tarchi (1963), 
however, recorded a decrease in vessel member length with 
distance from the stem centre in Erunys persica 8atsch. 
The only studies on vessel member length in storeyed woods 
are those by Chalk ~ £1. (1955), who found no change in cell 
length with distance from the pith in Pterocarpus angglensis, 
Nesogordon1a papavifera Capuron, and Aeschynomene elaphro-
xylon Taub., Rao (1962) who recorded a similar result for 
Robinia ~~udoacac1a, and Hejnowicz and Hejnowicz (1959) who 
recorded a slight increase in vessel length with radial growth 
also in Robinia pseydoa~acia. 
In both gymnosperms and angiosperms there has been dis-
agreement as to whether or not these size changes are related 
to growth as measured by growth ring numbers or to linear 
distance from the stem centre. Anderson (1951) e&tablished a 
relationship between tracheid length and distance from the pith 
in Abies concolor, Abies prgcera Rehder and Pseudotsuga 
menziesii. This relationship could be expressed mathematically 
for each tree without regard to the number or size of the 
growth rings. Kuziel (1953) found a similar relationship for 
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fibre length in four species of Populus as did Govinda~ajalu 
and Swamy (1955) for Pithecelobium dulce. Hejnowicz and 
Hejnowicz (1958) concluded that fibre and vessel member length 
in Populus tremula were related to the total number of cambial 
generations as expressed by linear distance from the stem 
centre. This relationship was found to hold for all levels 
in the tree except the lower 2 m. stevens (1959) for 
Grenadier apple trees, Loach (1959) for Pinus caribaea, and 
Saucier and Hamilton (1967) working on Fraxinus pennsylyanica 
Marsh., have also concluded that cell length is related to 
linear distance rather than to growth ring number. While 
Hartly (1960) could not find any correlation between tracheid 
length and distance from the pith in pinus radiata)other 
workers such as Valentine (1963), who determined fibre length 
changes in Populus tremuloides Michx., have concluded that cell 
length is more closely related to annual ring number than to 
distance of the sample from the pith. Similar results have 
been presented by Brister (1960) for tracheid length in Pinus 
patula and Pinus radiata. Buijtenen (1960) believed that 
fibre length in poPUlus tremula increased with the logarithm 
of age from the pith. 
Still other workers have attempted to show that both age 
and distance from the pith are important in influencing cell 
length. Elliott (1960) working with picea sitchensis con-
cluded from a study of correlation coefficients that the effect 
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of age is significant only in the early years. this influence 
being superseded by ring width later in radial growth. 
Dinwoodie (1963) also working on Picea sitchensi~ found that 
the effect of age was most important in the first 15 rings and 
distance from the pith to be the most important factor from 
about the 50th ring outwards. 
A different type of relationship between cell length and 
radial growth has been reported by Rumball (1963). This was 
found in Elaeo,arpus hookerianus Raoul and PodQc~.pu§ Qacryd-
iQide§ A.Rich., two trees which pass from juvenile to adult 
stages marked by a striking change in habit. The rate of 
increase in cell length outwards along anyone radius was 
found to be rapid during the juvenile phase but when the tree 
entered its adult phas~the rate of increase declined after a 
sharp break in the graph corresponding with the time of the 
habit heteroblastic change from a divaricate shrub to an adult 
tree. The same effect has been reported by Philipson (1964). 
1.3.2 Within ring variation in cell length. 
The second basic variation in cell length in the secondary 
xylem at anyone level in the tree, is that found within the 
individual growth rings. As a general trend, the early wood 
elements are shorter than those produced later in the same ann-
ual ring. This pattern has been recorded for conifer trach-
eids in pseuQQt§uga menz1e§ii by Lee and Smith (1916), in Picea 
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sitchensis by Chalk (1930), in Abies cgncolor and Abies procera 
by Anderson (1951), in Pinus taeda by Kramer (1957), in Picea 
abies Karst. by Schultze-Dewitz (1959), in finys .adiata by 
Chalk and Ortiz (1961), in Pinys taeda, Pinus ~lligtt~i and 
Pinys echinata by Jackson and Morse (1965), and in Picea 
sitch~nsis by Dinwoodie(1963). It has also been recorded for 
dicotyledon fibres in Eycalyptus regaans by Bissett and Dads-
well (1949), in fgpylys ~ .obusta by Liese and Ammer (1958), in 
Popylus ~ canadensis by Scaramuzzi (1959), in Robinia pseydg-
acacia by Hejnowicz and Hejnowicz (1959) and Rao (1962), in 
~ pseudgplatanus and Quercu~ robu. by Rao (1962), in ~­
~ grandis by Parameswaran (1964), and Eycalyptus gomphg-
cephala by Stern-Cohen and Fahn (1964), and also in angiosperm 
vessel members of F.axinus nio.a Marsh. by Chalk (1970) and in a 
number of other species by Bissett and Dadswell (1950) and 
Swamy ~ £i. (1960). 
While some of these authors have taken a few samples from 
each growth ring of the species under examination, othe~have 
sampled more extensively. Where many samples have been taken 
from each growth ring, the length of the xylem elements has 
been found to increase from the first formed wood to the last 
formed latewood with a sharp decrease in cell length near the 
ring boundary. As might be expected, the percentage differ-
ence in length between the earlywood and latewood elements is 
greater for dicotyledonous fibres than for gymnospermous 
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tracheids (Bisset and Oadswell, 1950). In species lacking 
distinct growth rings, the length of the xylem elements may 
change only slightly over radial distances representing several 
years growth (Kozlowski, 1971). 
A number of investigators have examined the length of the 
tracheids in gymnosperm compression wood and have usually 
recorded a decrease in the length of the tracheids in such a 
tissue (Oadswell and Wardrop, 1949; Bisset and Oadswell, 1950). 
When a false ring forms, the premature development of 
latewood often is correlated with an increase in tracheid 
length (Kozlowski, 1971). 
1.3.3 Variation in cell length weith height in the tree~_ 
The length of the axial elements of the xylem also vary 
up the axis of the tree. Within a growth ring, cell length 
usually increases for some distance up the stem and then 
decreases progressively towards the top. The xylem elements 
at the top of a growth ring are usually shorter than those at 
the base. The point of maximum cell length occurs at 
progressively higher levels in each successive growth ring. 
Again this variation pattern has been noted for gymnosperm 
tracheids in Einys palystris Mill., Pinys strobys and Abies 
coocolo. by Bailey and Shepard (1915), in Pinus taeda by 
Bethel (1941), in Pinu~ kesiya by Burley (1969), in Picea 
sitchensis by Chalk (1930), Elliott (1960) and Dinwoodie 
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(1963), in Picea abies by Schultze-Dewitz (1959), in Picea 
smith1aoa Boiss. by Ahmad (1969), in Abies pindrow by Ahmad 
(1970); for angiosperm fibres in Eucalyptys regnans by Bisset 
and Dadswell (1949), in ,ucalyp~ys grandis by Ranatunga (1964), 
in Eycalyptus gomphocephala by Stern-Cohen and Fahn (1964): 
and for both fibres and vessel members in Populus tremula by 
Hejnowicz and Hejnowicz (195B),in Popylys ~ eumer1cana by 
Scaramuzzi (1958) and ~ pseydeplatanus, Quercus robur and 
RQbin1a pseudQacacia by Rao (1962). 
1.3.4 Other yar1atioo patter~s. 
While most investigations on the variation in length of 
the xylem elements have concentrated on the horizontal and 
vertical patterns, there are nevertheless published reports of 
other size changes within the secondary xylem. Bailey and 
Tupper (1918) noted that tracheids tended to be shorter at 
nodes, the junction of the stems and roots or branches and 
other regions where growth adjustments occur. David fi li.' 
(1959) noted that tracheids in P1nus pinaster Ait. tended to 
be shorter at the sites of injuries. Liese and Dadswell 
(1959) examining the influence of sola.r radiation on tracheid 
and fibre length in 9 species of gymnospermland angiosperms, 
found in all the specimens examined that the cells were shorter 
on the sun side of the tree. 
Differences in cell length also occur between different 
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species and within the same species growing in different 
provenances. Echols (1958) recorded a significant relationship 
between length and latitude in Pinus sylvestris when plants 
from different latitudes were grown together. A similar 
relationship was observed by Dinwoodie (1963) for Picea 
sitchensis. However, the variation in cell length between 
provenances is small (5-30%) compared with differences in 
cell length which occur within anyone tree (e.g. a 200-500% 
increase in cell length outwards from the stem centre). Erak 
(1971) in presenting data on vessel element length in Fagus 
found that the cells were shorter in trees growing at a lower 
altitude than those growing higher up. 
Bannan (1965) found considerable interspecific variation 
in the earlywood tracheid length of gymnosperm stems of similar 
size and growth rate. A high correlation was found to exist 
between potential growth capacity and the size of the cambial 
derivatives, with gymnosperm trees normally achieving a large 
size having the longest tracheids. The shortest tracheids were 
found to'occur in low growth gymnosperms growing on poor sites. 
This correlation between the length of the cambial derivatives 
and the growth capacity of the species obviously does not hold 
true for angiosperms where some very tall trees with advanced 
features have storeyed cambia producing considerably shorter 
cambial derivatives than many primitive plants of smaller 
stature. 
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1.4 THE VASCULAR CAMBIUM AND RADIAL GROWTH. 
Most of the variation patterns in the length of the cells 
in the secondary xylem can be directly attributed to the 
developmental changes occurring in the vascular cambium with 
radial growth. Most of the information at present available 
on cambial growth comes from the detailed analyses of Bailey 
(1920, 1923), Priestley(1930), Bannan (1950 to 1968) and Cumbie 
(1963, 1967a, 1969a, 1969b). Bailey (1920, 1923) in an 
intensive study of the cambia of a large number of gymnosperms 
and angiosperms, concluded that the increase in the circum- . 
ference of the cambium with radial growth resulted from pseudo-
transverse division of the fosiform initials followed by 
intrusive growth of the new daughter initials. In some of the 
more highly specialized angiosperms, he observed that the anti-
clinal division was radial longitudinal, resulting in the 
grouping of the fusiform initials in neat horizontal rows 
(storeyed cambia). Priestley (1930) confirmed the account of 
the anticlinal division sequence proposed by Bailey, and sug-
gested that if rapid radial growth accompanied pseudotransverse 
division in the cambium, the time lag before these new cells 
reached mature length could lead to a shorter mean fusiform 
initial length. The relationship between radial growth and 
anticlinal division in the cambium, however, is considerably 
more complex than that proposed by either Bailey or Priestley 
(Philipson ~ £1., 1971). 
During pseudotransverse division the dividing wall is 
usually laid down near the centre of the cell, though more 
rarely it can be nearer one end resulting in daughter cells 
of unequal size. The length and pitch of the wall are 
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variable, ranging from short and transverse to very oblique 
and up to half the length of the dividing cell in gymnosperms 
(Bannan, 1957a) and considerably more in angiosperms (Evert, 
1961; Cumbie, 1967a, 1969a). In conifers the length of the 
wall is related to the length of the dividing cell, long cells 
tending to have long dividing walls (Bannan, 1964, 1965). In 
Leitneria floridana Chapm. the wall is shorter in older stems 
than in younger ones (Cumbie, 1967a). The longer the 
partition wall, the less effect pseudotransverse division has 
on the mean length of a population of fusiform cambial 
initials. In the more advanced dicotyledons where the anti-
clinal division produces a long wall extending from tip to 
tip of the parent cell, no reduction in cell length results. 
Repeated radial longitudinal division, where no elongation 
of the daughter fusiform initials follows, leads to the 
production of the storeyed or stratified cambium. 
In the herbaceous dicotyledon, Hibiscus lasiocarpus 
(T. and G.) Gray, an intermediate state exists where both 
pseudotransverse and radial longitudinal divisions occur with 
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almost equal frequency (Cumbie, 1963). Following radial 
longitudinal division, there is little or no elongation of 
the fusiform initials while elongation following pseudotrans-
verse division is variable. 
A surprising feature in the production cycle of new 
fusiform initials in the cambium is the high rate of loss of 
new initials. This occurs by a number of different processes 
as a direct result of over production and follows pseudotrans-
verse division in gymnosperms (Bannan, 1950, 1951, 1953; 
Scrivastava, 1963a, 1963b; Hejnowicz, 1961; Hejnowicz and 
Branski, 1966) and in the dicotyledons that have non-storyed 
cambia (Cumbie, 1963, 1969a; Evert, 1961). The amount of loss 
of fusiform initials from the cambial cylinder depends on the 
frequency of anticlinal division, the rate and am9unt of 
elongation of the daughter initials and the rate of increase 
in circumference of the cambium. If the number of initials 
produced by anticlinal division exceeds that required to meet 
the expanding cambial circumference, then the excess are lost 
by transformation into ray initials, progressive decline 
with periclinal division or by maturing into xylem and phloem 
elements. Reduction in height of a declining initial is 
brought about by asymmetric periclinal division in which the 
new tamgential wall divides the fusiform cell unequally 
leaving the smaller daughter cell as the functional initial. 
Repeated asymmetric division leads to a progressive shortening 
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of the initial until its eventual loss. In general, there 
is a tendency for the longer cells to survive and the shorter 
to decline (Sannan, 1951, 1957bj Cumbie, 1963, 1969a). 
Continued selection of the longest initials helps to maintain 
an adequate or increasing cell length in the cambium and its 
derivatives. 
Although longer cells usually survive and shorter ones 
decline, the extent of the ray contact may influence survival 
chances in cells of intermediate length. Bannan and Bayly 
(1956), Evert (1961), Cheadle and Esau (1964) and Cumbie 
(1967a) have all shown that daughter cells with higher contact 
with ray cells have a better chance of survival than those 
with fewer ray contacts. 
There would appear to be an evolutionary trend from the 
gymnosperms and structurally primitive dicotyledons with 
non-storeyed cambia and long fusiform initials that undergo 
pseudotransverse division with subsequent cell elongation and 
loss, to the structually more advanced dicotyledons with 
storeyed cambia where short fusiform initials undergo radial 
longitudinal division with little cell elongation and possibly 
no 1055. Cumbie (1967a) has drawn attention to the 
progressive series from Liriodengron tuliwfexa L. (Cheadle 
and Esau, 1964), Pyrus communis L. (Evert, 1961) to Leitneria 
floridaoa and Hib~scus lasiQcarpus. Although all four species 
have non-storeyed cambia, fusiform initial length, cell 
elongation and the proportion of new initials lost from the 
cambium decrease along the series. UnfortunatelY there 
appears to be no recent account of these processes in a 
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plant with a storeyed cambium. Section 3 of this thesis, 
therefore, attempts to analyse the developmental changes 
occurring with radial growth in the vascular cambium of 
Aeschynomene hispida Willd., a plant with a storeyed cambium. 
Detailed studies of the elongation of fusiform initials 
following pseudotransverse division have been made by Bannan 
and Whalley (1950) and Bannan (1956). Such elongation brings 
about an increase in the number of initials in any given 
transverse section and therefore increases the circumference 
of the cambium. Variability resulting from differences in 
the local environment of the cells often obscures a general 
trend of early rapid elongation followed by a decline in growth 
rate as the cell elongates. Loss of neighbouring initials and 
obstruction by rays both considerably influence the elongation 
process in individual cells. 
The rate and amount of elongation of new fusiform initials 
is naturally an important factor governing the size of the 
fusiform cells at any particular time. For example, the 
rate of fusiform initial elongation following division varies 
widely with season. Bannan (1951) observed that the rate of 
elongation of new initials increased during the growing season, 
reaching a maximum late in the yearts growth. 
The interplay of these various factors: the frequency 
and timing of anticlinal cell division. the amount and rate 
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of elongation of the new daughter cells and the preferential 
loss of the shorter initials influence the mean cell size of 
the fusiform initials and their derivatives at any given 
distance from the stem centre. Although detailed investi-
gations on the timing of anticlinal division in the fusiform 
initials have been made on relatively few species. it would 
seem in plants with non-storeyed cambia, that this division 
reaches a peak toward the end of the growing season. This 
factor. associated with the increasing rate of elongation of 
new initials during the growing season, result in the recorded 
increase in cell length within the growth ring now well 
established for xylem elements. 
Pseudotransverse division in the fusiform cambial initials 
does not appear to be related to the increase in the cambial 
circumference. Bannan (1960b) recorded a high rate in old 
stems where circumferential expansion was minimal. On the 
other hand, most studies indicate an increase in the loss of 
new fusiform initials with radial growth. During early 
growth, therefore, as pseudotransverse divisions proceed a 
relatively high proportion of the new cambial initials survive 
and continue to increase in length. As the tree ages and the 
rate of circumferential expansion slows down, fewer of the 
new cells survive and there is a less pronounced increase in 
cell length. 
Where the anticlinal division is radial longitudinal 
producing the storeyed type of cambium it is assumed that no 
cell elongation occurs or the stratification of the initials 
would be lost. Anticlinal division, less any cell loss (if 
such occurs) must, therefore, alone supply the needs of the 
expanding cambial circumference. 
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The role of cambial behaviour in the relationship of cell 
length to ring width has been explored by Bannan in a series 
of papers. A study on white cedar stems (Bannan, 1959) 
revealed a definite tendency for greater cell length to be 
associated with decreased ring width. The lack of a relation-
ship between pseudotransverse division and ring width, however, 
led him to conclude that cell length was due not so much to 
the frequency of anticlinal division as to inherent determiners, 
the latter being influenced by growth rates. Studies on 
Ibyj~ (Bannan, 1960b), Pinus (Bannan, 1962), Picea (Bannan, 
1963a) and Cupressus (Bannan 1963b) have all illustrated that 
cell length reaches a maximum in rings approaching 1 mm width 
in these genera. In very narrow rings, a sharp increase in 
the frequency ofpseudotransverse division tends to depress cell 
length. 
Bannan (1965) also found that the yearly amount of cambial 
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cell elongation dropped as ring width decreased but not in 
proportion to the decline in ring width. Thus, the cumulative 
elongation through a lineal series of cells per centimetre of 
xylem increment increases as ring width decreases, resulting 
in the amount of elongation occurring during the production 
of several narrow rings greatly exceeding that through a single 
ring of the same width. The higher rate of pseudotransverse 
division at the end of the growth ring naturally lowers the 
mean length of the cambial cells at this stage. In an. earlier 
paper (Bannan, 1954) reported that pseudotransverse divisions 
sometimes occur earlier in the elongation cycle in more 
vigorously growing trees than in slower growing ones of similar 
diameter. This would tend to cause a slight decrease in cell 
length in rapidly growing trees. 
In the early part of radial growth where the ratio of 
anticlinal to periclinal division is high, the actual radial 
distance from the stem centre appears to be of prime importance 
in governing the balance between the various factors influencing 
cell length in the cambium. Further out, however, where the 
frequency of anticlinal division has diminished slightly and 
the rate of cell loss is high. secondary factors such as ring 
width may influence the length of the initials. This would 
account for the different patterns obtained by the various 
workers for cell length away from the stem centre. A decrease 
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in mean cell length in this region could be due to the 
cumulative influence of several wide growth rings during this 
period. Conversely a number of narrow rings could produce an 
increase in cell length. The actual radial distance from 
the stem centre at which this transition in influence occurs 
will naturally vary from one species to another, its position 
being influenced by the frequency of anticlinal division, 
the percentage loss of new fusiform initials and the rates of 
elongation inherent in that particular species. It is a 
logical conclusion, therefore, that the diameter of the cambium 
at its initiation will influence the pattern of variation in 
cell length outwards from the stem centre. In plants where 
the cambium develops outside a large core of primary tissue, 
the increase in cell length may be partially or totally absent. 
In such cases it must be assumed that the diameter of the 
cambium at its initiation is such that the initials can divide 
anticlinally at a rate sufficient to provide an adequate supply 
of new cells. These new cells meet the needs of the rapidly 
expanding cambial cylinder and the increase in cell length is 
partially suppressed. 
The rate of height growth of a growing shoot influences 
the size of the cambial initials originating at anyone time. 
Dinwoodie (1963) noted that rings laid down by the cambium in 
short internodes had shorter tracheids than did rings laid 
down in long internodes. Where very little stem elongation 
has occurred, the cambial initials laid down by the apical 
meristem are apparently shorter than those laid down during 
more rapid growth. This relation between the height growth 
and fusiform initial length has its greatest effect in the 
first few growth rings. Mell (1910', Lee and Smith (1916) 
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and others also noted that faster growing trees had longer 
tracheids but did not correlate this with internode length. 
Stems with a high initial cambial cell length will usually main-
tain a relatively high length throughout subsequent growth 
rings (Bisset, Dadswell and Wardrop, 1951). Since many trees 
pass through a grand period of growth when the rates of height 
and diameter growth are at a maximum, it could be expected that 
initials laid down during this period might be appreciably 
longer than those laid down during periods of slower growth. 
The general vertical variation in cell length within one 
growth ring - an increase followed by a decrease - could thus 
partly be explained in terms of height growth. At the top 
of the tree, where the stem diameter is very small, the 
decrease in cell length is partially duet however, to the fact 
that the horizontal increase in cell length outwards from the 
stem centre has not yet reached a maximum in this region. 
1.5 CONCLUSIONS 
The length of the cells in the secondary xylem is 
governed by the size of the fusiform cambial initials from 
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which they are derived. Tracheids and vessel members are 
thought to replicate the length of the initials but there are 
few published results on the relationships between these cell 
types, Because fibres undergo intrusive growth during their 
differentiation, they are considerably longer than the fusi-
form initials. 
Although there is a particulary rich literature relating 
to the size length variation patterns in the secondary xylem, 
there are, nevertheless, still a number of gaps in our 
knowledge. The painstaking researches of Bannan, Cumbie and 
others have added considerably to our understanding of the 
causes of the cell length variation patterns in plants with 
non-storeyed cambia. The variables of pseudotransverse 
division, cell loss and elon~tion of new initials are now 
quite well understood in these plants and it is possible to 
relate these developmental changes occuring in the vascular 
cambium to features in the secondary xylem. 
The biggest gap in our knowledge of the activities of 
the vascular cambium relates to the more specialized storeyed 
cambium. There have been few published results of detailed 
studies on this type of cambium since the pioneering work 
of Beijer (1927). Investigations on the onto.geny and 
subsequent developmental changes occuring with radial growth 
in the storeyed cambium are therefore long overdue. This 
thesis includes a study on the ontogeny of the storeyed 
cambium in Hoheria SDgusti£olj£ (Section 2) and a study of 
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the developmental changes occurring in the storeyed cambium 
with radial growth in Aeschynomene hispiga Willd. (Section 3). 
A detailed study is then made on the variation in fusiform 
cambial initial dimensions with increasing diameter of the 
cambial cylinder and increasing height in the tree in HQh~ria 
angustifolia. The relationship between the length of the 
cambial fusiform initials and the xylem vessel members is also 
examined. 
2.1 
SECTIOO TWO 
THE ONT<NENY OF THE VASCULAR CAMBIUM IN 
HQHERIA ANGUSTIFOLIA RAOUL. 
SUMMARY 
The procambium in Hoheria angustifolia (Malvaceae) 
develops behind the apical meristem as an almost complete 
cylinder of meristematic cells. Differentiating protophloem 
strands are separated by narrow interfascicular sectors. 
These sectors also interrupt the procambial cylinder. The 
first protoxylem elements differentiate as discrete bundles 
to the inside of a number of protophloem strands and remain 
separated from them by an actively dividing procambial 
cylinder 6 - 8 cells wide. Periclinal divisions also occur 
in the interfascicular sectors so that by the centre of the 
first internode below the shoot ti~ the procambium forms a 
complete cylinder. In this way the short cells of the 
interfascicular sectors become transformed into primordial 
ray initials. Repeated periclinal division in the procambium 
leads to the radial seriation of its cells. Subsequent 
differentiation of the derivatives produces complete 
cylinders of metaxylem and 'metaphloem by the third internode. 
Internodal elongation ends by the fifth or sixth 
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internode below the shoot tip after which the transverse 
ended primordial fusiform cells of the procambium become 
transformed into fusiform cambial cells with pointed tips. 
Except during ray formation, transverse division ceases 
and the non-storeyed cambium gradually acquires a storeyed 
appearance in tangential view by repeated radial longitudinal 
divisions accompanying radial growth. The first new rays 
appear about the seventh internode. 
The transition from procambium to cambium in Hoheria 
angustifolia is a gradual one with the meristem acquiring 
some cambial characteristics before and some after internodal 
elongation has ceased. 
2.2 INTRODUCTION 
For convenience, the vascular meristem is divided into 
a procambium and cambium. The procambium has its origin in 
the actively dividing and enlarging shoot apex and is the 
source of the primary vascular tissues. 
the basis of the vascular cambium. 
Its cells also form 
The precise time of origin of the vascular cambium is 
difficult to determine both theoretically and practically. 
Different criteria for defining secondary growth, and con-
siderable variation between the few plants that have been 
examined in detail, has led to a general vagueness in our 
understanding of the processes accompanying the transition 
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from procambium to cambium. On the one hand, the cambium may 
bE regarded as the meristem that produces regular files of 
derivative cells, a definition that if rigorously applied to 
many plants would include the meta xylem as a product of the 
cambium. On the other hand, some morphologists would believe 
that extension growth of the internodes must have ceased before 
the cambium, as such, can exist. 
Primary tissues are usually regarded as products of the 
apical meristem, but in fact, most of the divisions producing 
them are located in the axis below the apex. While primary 
growth is usually associated with extension growth and inter-
nodal elongation, lateral growth, on the other hand, is a 
continuous process from the apex to the mature trunk of the 
woody pl.nt. While it is useful to separate the early part 
of this process as primary growth and the later as secondary 
growth, it is usually impossible to distinguish sharply between 
primary and secondary tissues. It has long been established 
that the vascular cambia and vascular tissues of gymnosperms 
and dicotyledons are normally characterized by the presence 
of two distinct systems of cells, one composed of axially 
elongated cells derived from fusiform initials, and the other 
composed of radially elongated cells derived from ray initials. 
The procambium, on the other hand, usually has a more homo-
geneous structure (Esau, 1943a, 1965a). 
Similarities ind differences between the procambium and 
cambium in Cana~alia (Leguminosae) have been noted by Cumbie 
(1967b). Early in its development the procambium of this 
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plant becomes organized into two systems, one of elongated cells, 
the other of short cells in axial strands when viewed in 
tangential section. The elongated cells of the procambium 
become th~ fusiform initials of the cambium and the strands 
of shorter cells are converted to ray initials. In addition, 
some of the longer procambial cells also form ray initials by 
subdivision, in a manner similar to the formation of some 
secondary rays from fusiform cambial initials. There are 
some features, however, in which the procambium and cambium 
differ. Most of the end walls of the elongated procambial 
cells are essentially transverse, whereas most of the fusiform 
cambial initials have tapering ends. The cells of the pro-
cambium elongate during the active growth of the stem, whereas 
the lengths of the fusiform cambial initials remain relatively 
constant. Transverse divisions occur in the procambium but 
were not observed in the cambium. Overall,however, Cumbie 
concluded that the similarities in structure and development 
of the two meristems are such that a clear distinction between 
them is not justified. 
The transition from procambium to cambium has been found 
to be more abrupt in ~. pseudQplatanys (Catesson, 1964). The 
procambium in this species is not differentiated into long and 
short cells as in Canayalia. Once extension growth of the 
internodes has ceased the procambial cells of ~ elongate 
by intrusive growth and develop pointed ends.' These cells 
become fusiform cambial initials. The onset of secondary 
growth is marked by the conversion of some of these fusiform 
initials into ray initials by subdivision. Large rays also 
form in the interfascicular sectors of the stem, becoming 
dissected into smaller rays by the subsequent intrusion of 
fusiform initials from the fascicular cambium. Catesson 
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emphasizes that she does not consider the cambium to be merely 
a residue of the procambium in which the divisions have become 
regular and concentrated. Instead, she regards it as a 
distinctive tissue which in the mature state is characterized 
by a differentiation into fusiform and ray initials with the 
former showing an increase in length in nonstoreyed cambia 
when intrusive growth follows anticlinal division. 
The procambium of Ginkgo biloba L., like that of ~,is 
a rather homogeneous tissue in its early development but a 
differentiation into two distinct systems of cells occurs 
late in primary growth by unequal transverse division of the 
procambial cells (Soh, 1972). In this latter species, some 
of the procambial cells elongate without transverse division 
and form a system of axially elongated cells. Frequent 
transverse divisions in short cells for a time keep pace with 
the elongation processl then elongate slightly. Ray initials 
later develop from the short cells after their separation. 
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The early ontoqeny of the vascular cambium has also been 
studied in Aucuba japoni&a Thunb. and Weigela coraeensis Thunb. 
by Soh (1974). These two angiosperms both have comparatively 
long fusiform initials in their non-storeyed vascular cambia. 
The transition from procambium to cambium in Au&uba resembles 
that reported for ~ by Catesson (1964). Late in primary 
growth most of the long procambial cells become transformed 
into fusiform cambial initials while others undergo segmentation 
into axial files of short cells and subsequently become trans-
formed into ray initials. The procambium of Weigela, however~ 
resembles that found in Ginkgo. An uneven distribution of 
transverse divisions in the long cells results in the production 
of long and short cells early in the development of the pro-
cambium. 
The obvious differences between the procambia of ~ and 
Au&uba with only one system of cells, Ginkgo and Weigela with 
one system in early development and two systems at a later 
stage, and Canayalia with two systems of cells, render the 
di5tinction between procambia and cambia on the basis of cell 
orientation of doubtful value. Such a view has already been 
expressed by Esau (1943a, 1965a, 1965b) who believes that the 
procambium and the cambium are best looked upon as two develop-
mental stages of the same meristem. A similar view has been 
proposed in reviews on the cambium by Philipson and Ward (1965) 
and Philipson ~~. (1971). 
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A number of other criteria for separating the procambium 
and cambium were investigated by Fahn ~ al. (1972) in Ricinus 
commynia L. without success. Wounding experiments showed that 
there is no special organizing stimulus which is responsible 
for the differentiation of the cambium as a separate entity 
from the procambium in this plant. 
In many plants, internodes actively increasing in length 
contain bundles that are expanding rapidly by a meristem that 
has evmy appearance of a cambium and is undoubtedly continuous 
with the cambium of adjacent mature internodes. These meri-
stems are usually regarded as cambial and this is the position 
held by Sterling (1946) in his study on Sequoia semperyirens. 
The complete cambial cylinder may develop in a variety 
of ways. If the metaxylem forms a complete cylinder before 
secondary growth begins, then the cambium is complete from 
the time of its inception. More frequently, the primary 
va scula r bundles are separat e at the time of cambia 1 inception. 
in which event regular divisions usually occur earlier in the 
bundles than in the interfascicular sectors. Additional 
bundles develop in some pla~ts after cambial activity has 
commenced. Such bundles are called intermediate bundles by 
de Bary (1884) and are composed wholly of secondary tissues, 
Fahn ~ al. (1972). however. have questioned this commonly 
held concept that the fascicular cambium develops before the 
interfascicular cambium. Their observations on Ricinus 
suggest that in this plant, at least, the reverse might be 
true. They suggest that this point should be checked in 
other plants. 
Most studies on the ontogeny of the vascular system in 
plants have concentrated on either the procambium or the 
cambium and do not include accounts of the transition from 
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one to the other. The few published studies on the transition 
by Sterling (1946), Catesson (1964), Cumbie (1967b), Fahn ~~. 
(1972), and Soh (1972, 1974), at times present conflicting 
views. It may well be that the different plants examined 
in each of these studies have real differences in the sequence 
in which their lateral meristems acquire cambial character-
istics. 
stages in the transition from procambium to cambium 
must become known in a greater number and variety of plants 
before many of the fundamental problems associated with the 
onset of secondary growth can be resolved. 
Hoheria anaustifolia, a member of the Malvaceae endemic 
to New Zealand, was chosen for a study on the ontogeny of the 
vascular cambium for two reasons. Firstly it has an almost 
complete cylinder of primary xylem before secondary tissues 
are deposited. Secondly, because its mature cambium is 
storeyed, it was the plant chosen for a detailed investigation 
on the cell size changes occurring in the cambium in various 
parts of the tree for Section 4 of this thesis. It is 
appropriate, therefore. that the ontogeny of its vascular 
cambium be investigated. 
2.3 MATERIALS AND METHODS 
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About 50 young seedlings of Hoheria angystifolia were 
collected from a site in Governors Bay, Banks Peninsula. All 
were separately potted and glasshouse tendered. Five seedlings 
of a similar size were selected from these, each with two 
prominent leaders, transferred in August 1968 to controlled 
environment growth rooms under conditions of 170C temperature, 
70% humidity and 16 hours daylength. The top leaves of each 
leader were marked. The plants were left under these 
conditions for 16 weeks until at least 25 new internodes had 
developed on each marked shoot. The plants were photographed 
at 4 week intervals and certain internodes on both leading 
and lateral shoots of all the plants measured at two day 
intervals. At the end of the 16 week period, the leading 
shoots were removed from each plant and the lengths of the top 
25 internodes measured on each. Two leading shoots of equal 
length were removed from one plant (no. 66), and the central 
leading shoot from each of three other plants (nos. 46, 53 and 
58) were removed, cut into internode lengths, fixed in 
formalin-aceto-alcohol, embedded and sectioned. The internodes 
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of one shoot from plant 66, and the shoots from plants 46 and 
58 were sectioned longitudinally, while transverse sections 
were prepared from the middle of each internode of the other 
shoot of plant 66 and the shoot from plant 53. The prepared 
slides were stained in safranin and toluidine-blue and mounted 
in De Pex for microscope examination. 
2.4.1 RESULTS 
The transition from primary to secondary growth in the 
stem is best studied in both transverse and longitudinal 
sections of internodes. Since anyone internode cannot be 
cut into sections in both planes, the best that can be achieved 
is to examine internodes from several shoots from the same or 
similar plants grown under identical conditions. Although 
5 young Hoheria angustifolia plants were selected each with 
two prominent leading shoots, only one plant (no. 66) retained 
these after 16 weeks growth in the controlled environment 
growth rooms. The remaining plants all developed large 
numbers of shoots of similar prominence characteristic of 
the divaricate juvenile form of this species (see Section 
4.2.2). 
The growing shoot of Hoheria angustifolia produces 
petiolate leaves in an alternate manner behind the apex, each 
separated at maturity by a clearly defined internode (Fig. 2-1). 
The apical meristem is enclosed by a number of enlarging leaves 
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such that it is impossible to count the primordia and leaves 
macroscopically in the zone above the uppermost visible inter-
node. This zone is designated the shoot tip for the purposes 
of this project and number 1 internode as the first visible 
internode below it. Subsequent examinations of longitudinal 
sections of the shoot tip indicate that this zone contains the 
apical meristem and from 8 to 11 primordia and expanding leaves 
usually enclosed by the lowest two leaves. 
From early in their development, the enlarging leaves are 
densely clothed in stellate hairs (Fig. 2-2). These hairs 
separate with the expansion of the leaf (Fig. 2-3) and some 
are subsequently lost. Their presence, however, seriously 
impedes satisfactory sectioning of the shoot tip. 
2.4.2. INTERNODAL ELONGATION 
Primary shoot elongation in the seedlings examined 
occurred in the internodes of the shoot tips and continued 
in up to five internodes below them. This trend is indicated 
by the lengths of various internodes at the time of their 
collection for sectioning (Fig. 2-4) and also by the individual 
measurements made on selected internodes during their active 
growth. Considerable variation in the final lengths of mature 
internodes is also indicated in Figure 2-4, the variation 
apparently increasing slightly towards the apex, possibly 
as the plants responded to their new environment in the 
Fig. 2-2. Scanning electron micrograph of a shoot apex 
showing the expanding leaf primordia densely 
clothed in stellate hairs. X 65 
Fig. 2-3. A single stellate hair on the lower surface of 
a mature leaf. X 600 
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Fig. 2-4. Internode lengths of the two shoots from plant 66 
and the leading shoots from plants 46, 52, and 53 
measured at the time of their collection for 
sectioning. Internode lengths of a shoot from 
plant 62 are also graphed though this shoot was 
not sectioned. Internodal elongQtion appears to 
continue in up to five internode5 below the shoot 
tip. 
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growth rooms. This fluctuation in the final internode 
lengths means that it is not possible to say with certainty 
that elongation has definately ended in the sixth internode 
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below the shoot tip in anyone stem collected for examin-
ation. In the five plants examined, this zone of elongation 
represented a mean length of 88.4 mm from the end of the shoot. 
2.4.3 DIFFERENTIATION OF THE VASCULAR TISSUES 
Transverse sections of the complete shoot tip region, 
and from the centre of the first 25 internodes of each of the 
plants examined, provided a complete range of the developmental 
stages in the differentiation of the vascular tissues. 
ShQot tip. This zone is defined as containing the apical 
meristem and the axis bearing 8-11 primordia and expanding 
leaves enclosed by the two lowest leaves. 
Transverse sections from near the tip of this zone show 
the procambium as discrete undifferentiated strands forming a 
ring at about 2/3 of the radial distance from the stem centre. 
The strands are of a similar size. Each trace is separated by 
interf~cicular sectors one to three cells wide. The term 
.. int erfa scicula r sector" is used here a s a ma tt er of con-
venience. These sectors do not conform to the usual appearance 
or division cycle of medullary rays and may therefore form an 
integral part of the procambial cylinder. Differentiation of 
the protophloem begins almost immediately (Fig. 2-5). The 
procambial cells are rectangular in transverse view and show 
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a tendency for radial seriation. This pattern is lost in the 
protophloem. Longitudinal sections of this stage indicate 
that the procambial cells are elongated in an axial direction, 
some having transverse and others having oblique end walls. 
The end walls of the interfascicular cells are normally trans-
verse. It is unfortunate that sectioning difficulties 
prevented the length of these interfascicular sectors from being 
studied in longitudinal view. 
Differentiation of the protoxylem begins at a point less 
than 2 mm from the top of the apical meristem (Fig. 2-6). 
Initially 2 or 3 strands differentiate to the inside of the 
procambial cylinder. Each strand consists of a number of 
radial files of vessels separated by thinner walled parenchyma 
cells (Fig. 2-7) and lies to the inside of a number of the 
protophloem strands. The protoxylem parenchyma cells are not 
always in radial continuity with the interfascicular sectors. 
The number of the protoxylem strands in the stem increases 
gradually to about 8 with increasing distance from the apical 
meristem. Each xylem strand remains separated from the proto-
phloem strands by a zone of 5-8 undifferentiated procambial 
cells. 
Towards the base of the shoot tip the undifferentiated 
SHOOT TIP 
Fig. 2-5. Transverse section of the procambium (PC) in the 
shoot tip just below the apical meristem. Note 
the differentiating protophloem traces (pP) and 
the separating interfascicular sectors (IS). 
X 360 
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SHOOT TIP 
Fig. 2-6. Transverse section from near the base of the shoot 
tip. Discrete bundles of protoxylem (PX) have now 
differentiated. Undifferentiated procambial cells 
exhibit radial seriation. X 360 
Fig. 2-7 .. Detail of a vascular bundle from the lower region 
of the ~hoot tip. The protoxylem bundles different-
iate to the inside of a number of protophloem 
strands. X 575 
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procambial cells lie more clearly in radial files, presumably 
as a result of repeated periclinal division. Between the 
larger primary bundles a number of protophloem strands continue 
to survive external to an almost complete cylinder of procambium. 
Some interfascicular sectors are still visible between the 
protophloem strands but their course through the procambial 
cylinder becomes obscured by the periclinal divisions of the 
latter tissue. 
Elonaating Iotetnodes. Transverse sections of the internodes 
below the shoot tip revealed continuous differentiation of the 
vascular tissues accompanied by a transition from primary to 
secondary growth. New strands of primary xylem develop from 
the procambium between the main bundles in the first and second 
internodes (Fig. 2-8), until a complete cylinder of xylem exists 
by the third internode (Fig. 2-10). Whether this tissue 
should be designated protoxylem or meta xylem is debatable. 
The primary xylem in the larger bundles continues differentia-
ting in a centrifugal direction and new phloem elements are 
added in a centripetal direction throughout these first three 
internodes. Periclinal division of the undifferentiated 
procambial cells continues, approximately keeping pace with 
this differentiation pattern so that a procambial cylinder of 
6-8 cells in thickness remains. In transverse view this 
repeated periclinal division of uncommitted meristematic cells, 
accompanied by differentiation into phloem and xylem elements 
SECOND INTERNODE 56 
_cl/ 
Fig. 2-8. Transverse section of the vascular tissues from the 
centre of the second internode. The inside deriv-
atives of the procambial cylinder differentiate into 
an almost complete cylinder of primary xylem. X 360 
Fig. 2-9. Detail of the procambium and derivative tissues 
from the second internode. X 575 
THIRD INTERNODE 
Fig. 2-10. Transverse section from the centre of the third 
internode. A complete cylinder of primary xylem 
continues to differentiate to t he inside of the 
procambium and phloem traces. X 360 
Fig. 2-11. Detail of the procambial zone from the third 
i nternode. Note the periclinal divi sions in the 
cells of the interfascic~lar sectors. X 575 
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either side of the procambial cylinder, shows a marked 
similarity to the activity of a vascular cambium (Figs. 2-9, 
2-11). A progressive increase in the total thickness of the 
vascular tissue results. The interfascicular sectors can 
still be seen between the protophloem bundles but their course 
through the actively dividing meristematic zone becomes 
obscured. 
By the fourth internode a complete cylinder of xylem 
is well established (Fig. 2-12). Cell wall thickening 
becomes marked in the cells to the outside of the phloem, 
a process which continues until about the ninth internode by 
which time the bundle cap fibres are fully differentiated. 
A complete cylinder of phloem is also present by the fourth 
internode. Anticlinal as well as periclinal divisions can now 
be detected in the procambial cells (Fig. 2-13). 
The cylinder of undifferentiated meristematic cells 
becomes slowly transformed into a vascular cambium through 
subsequent internodes (Figs. 2-14, 2-15, 2-16, 2-17). New 
xylem and phloem elements continue to be laid down by the 
procambial cylinder which continues active periclinal division. 
Internodes beyond the zone of elongation. By the ninth 
internode (Figs. 2-18, 2-19), a xylem cylinder of consider-
able thickness exists built up of fibres, vessels and some 
axial parenchyma cells. The vascular cambium is a cylinder 
FOURTH INTERNODE 
Fig. 2-12. Transverse sect ion through the centre of the 
fourth internode. A complete cylinder of primary 
xylem is now well established. X 160 
Fig. 2-13. Detail of the primary xylem, procambium and 
primary phloem from the fourth internode. X 360 
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FIFTH INTERNODE 
Fig. 2-14. Transverse section from the centre of the fifth 
internode. X 160 
Fig. 2-15. Detail of the vascular tissues of the fifth 
internode. X 360 
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SEVENTH INTERNODE 
Fig. 2-16. Transverse section from the centre of the seventh 
internode. ~econdary growth is now under way. 
Primary xylem (PX), secondary xylem (SX), vascular 
cambium (VC), secondary phloem (Sp) are indicated. 
X 160 
Fig. 2-17. Detail of the vascular tissues form the seventh 
internode. X 360 
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NINTH INTERNODE 
Fig. 2-18. from the centre of the ninth 
Fig. 2-19. Detail of the vascular tissues from the ninth 
internode. X 360 
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of actively dividing cells ,in radial files 4-8 cells wide 
lying between the secondary xylem and the secondary phloem. 
Most of the protophloem elements have collapsed and the entire 
vascular cylinder now lies inside a broken ring of phloem 
fibres. To the outside of the cortex a periderm is evident. 
No new rays could be detected in transverse view, though the 
former interfascicular sectors continue as rays, sometimes 
increasing considerably in width towards the cortex. This 
increase in ray width probably results from the circumferential 
expansion of the outside tissues with radial growth. 
The transitiQo frQm grQcambiym tQ cambiym as seen in 
tanaential View. The cells of the procambium in the shoot 
tip give the appearance of being arranged in two systems. 
Close to the developing leaf primordia the longer cells have 
transverse to rounded end walls dnd dense content.. Rows of 
short rectangular cells form the interfascicular areas. 
Towards the base of the shoot tip the long cells have 
mostly transverse end walls (Fig. 2-20a). Repeated transverse 
division of the cells within the interfascicular sectors 
enables them to retain their short length. Radial longi-
tudinal divisions were not observed in either the long or the 
short cells within the shoot tip though this does not preclude 
the possibility that such divisions occur. In the shoot tip, 
however, it is likely that the slight increase in the circum-
ference of the procambial cylinder that occurs with increaSing 
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cut from (A) the base of the shoot tip, (B) the 
fourth internode and (C) the seventh internode. 
All X 150 
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distance from the apical meristem is largely met by the 
increasing tangential dimensions of the cells. 
The long cells of the procambium gradually become 
transformed into the fusiform initials of the vascular cambium 
in the internodes below the shoot tip. Radial longitudinal 
divisions witmn these cells occur from the first internode 
downwards, though continuing transverse divisions prevent the 
development of a storeyed pattern (Fig. 2-20b, 2-20c). This 
non-storeyed pattern of rectangular cells with transverse end 
walls is still a feature of the vascular cambium by the seventh 
internode (Fig. 2-20c). The fusiform initials begin to 
acquire pointed ends by the ninth internode. Subsequent 
radial longitudinal divisions are responsible for the develop-
ment of the storeyed pattern of the fusiform initials in the 
mature cambium (Fig. 2-21). 
Within the elongating internodes, transverse divisions 
within the interfascicular sectors enable the primordial ray 
cells to retain their almost square outline when viewed 
tangentially (Fig. 2-20b). Gradually these cells become 
more rounded in tangential outline. The cells to the upper 
and lower limits sometimes divide less frequentl~ forming 
uniseriate or biseriate extensions of slightly elongated cells. 
New rays first appear about the seventh internode, each 
formed by the segmentation of a fusiform cambial initial 
Fig. 2-21. Tangential longitudinal section of the mature 
vascular cambium of Hoheria angustifolia. The 
short fusiform initials are in distinct horizontal 
tiers. This section was cut from a stem with a 
cambial radius of approximately 6 cm. X 180 
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by a series of transverse divisions (Fig. 2-20c). This 
method continues to provide a source of new uniseriate rays 
as radial growth proceeds, though divisions off the ends or 
sides of individual fusiform initials are a less common source 
of new rays in larger stems. Longitudinal divisionsof the 
individual ray initials in uniseriate rays produce new multi-
seriate rays. These in turn increase in size by further 
division of their initials or by the addition of new cells 
from an adjoining fusiform initial that has undergone 
segmentation. 
2.~ DISCUSSION 
The observations of this study on Hoheria anqustifolia 
further emphasize the difficulty in separating the procambium 
and the cambium as distinct meristems, with the former 
responsible for the primary and the latter for the secondary 
vascular tissues of the stem. 
Although internodal elongation ceased by about the fifth 
or sixth internode behind the shoot tip in these plants grown 
under controlled growth conditions, some of the characters 
associated with a vascular cambium were evident within the 
internodes that were still elongating. Other characters 
were first evident in older internodes below the zone of 
elongation. 
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Radial seriation of the procambial cells resulting from 
repeated early periclinal division develops near the top of 
the shoot tip, at a distance of less than 2 mm from the apical 
meristem. As a consequence the vessels and parenchyma cells 
of the primary xylem and their mother cells also develop in 
radial files. The occurrence of repeated periclinal division 
in the procambium has already been reported for a number of 
plants by Esau (1936, 1938, 1942, 1943h), Sterling (1946, 1947), 
Parke (1963), Thompson and Heimsch (1964), Soh (1972, 1974) 
and Fahn £i~. (1972). The cells of the protophloem in 
Hoheria aogustifolia, however, do not lie in radial files. A 
cylinder of 6-8 periclinally dividing procambial cells is well 
established by the base of the shoot tip and continues in a 
similar form right through into secondary growth. In this 
respect the procambium closely resembles the vascular cambium 
in appearance and division cycle. 
It is common for the procambium in gymnosperms and 
dicotyledons to first appear as a system of discrete strands 
separated by interfascicular areas. The linking of the 
fascicular meristems in each strand usually occurs following 
the onset of secondary growth by the development of sectors 
of interfascicular cambium from the parenchyma cells between 
each primary vascular bundle. There are, however, a number 
of plants where the procambium forms an almost complete 
cylinder from its earliest appearance. In such cases the 
primary phloem usual~differentiates as a complete cylinder 
also (Thompson and Heimsch, 1964; Cumbie, 1967bj Soh, 1974). 
Although the procambium forms an almost complete cylinder 
from a point very close behind the apical meristem in Hoheria 
angustifolia, the protophloem in this plant first appears in 
discrete strands separated by interfascicular sectors. 
Differentiation of the primary xylem in Hoheria 
an~ustifolia occurs in two stages. Initially a number of 
protoxylem bundles develop to the inside of the procambial 
cylinder. These are gradually linked into a complete 
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cylinder of primary xylem by the differentiation of the deriva-
tives of the actively dividing procambium. 
Soh (1972) noted that the radial dimensions of the fusi-
form cambial initials were slightly less than those of the 
procambial cells due to the increased frequency of periclinal 
division in the former. If such size changes occur in 
Hoheria angustifolia they were not evident in the material 
examined. 
Perhaps the most striking similarity between the pro-
cambium and the cambium resulting from this repeated periclinal 
division, is the progressive differentiation of new vascular 
tissues to the inside and outside of the actively dividing 
cylinder. From its inception in the shoot tip, to the centre 
of the sixth internode (by which time it may be assumed that 
internodal elongation has ceased). the procambial cylinder 
and its primary phloem and primary xylem derivatives have 
increased in radial extent by about 6 times. 
A characteristic of the vascular cambium of most 
arborescent plants is the existence of two systems of cells, 
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the axially elongated fusiform initials being responsible for 
the production of the axial elements of the secondary xylem and 
secondary phloem. and the shorter ray initials being responsible 
for the production of the horizontal ray system. 
On the other hand, the procambium has traditionally been 
thought of as a more homogeneous tissue (Esau, 1943b, 1965ai 
Catesson, 1964). The observations of Cumbie (1967b) and Soh 
(1972. 1974), however, suggest that this may not always be the 
ca se. Whether Hoheria angustifolia has one or two systems 
of cells in the procambium depends on the interpretation of 
the narrow interfascicular sectors. These sectors are present 
from the very earliest appearance of the procambium at the top 
of the shoot tip (Fig. 2-5) and pass from the pith into the 
cortex dividing the protophloem into strands. Periclina 1 
division within these interfascicular sectors begins by the 
first internode below the shoot tip so that a complete cylinder 
of dividing procambium exists from a very early stage. 
One interpretation of these sectors is that they are true 
interfascicular medullary rays across which the procambium links 
to form a complete cylinder at a very early st,age of primary 
growth. If this is the case, then the procambium in Hoheria 
angustifolia develops from fascicular and interfascicular 
sectors in much the same way as the vascular cambium develops 
in plants that retain discrete vascular bundles throughout 
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their primary growth. Alternativel~ the interfascicular 
sectors can be interpreted as systems of short cells, similar in 
form and activity to medullary rays but forming an integral 
part of the procambia 1 cylinder.. The presence of two systems 
of cells has already been reported at a very early stage of 
development in the procambium of Canayalia (Cumbie, 1967b) and 
at a later stage in the procambium of Ginkgo (Soh, 1972) and 
Weigela (Soh, 1974). Anatomists who believe that the procam-
bium at its inception must form a system of strands to the 
developing leaf primordia will prefer the first interpretation. 
If this is the case, then they will need to concede that the 
procambium links across the interfascicular sectors at a very 
early stage in development. On the other hand, if the procam· 
bium is thought of as a complete cylinder from its inception, 
then in Hoheria angustifolia it must contain two systems of 
cells - long primordial fusiform cells and groups of short 
primordial ray cells. It is unfortunate that sectioning 
difficulties made observations of the lengths of the inter-
fascicular sectors difficult in the region of the shoot tip. 
By the time that they could be clearly seen (in the longitudinal 
sections of the first internode) they certainly did not extend 
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the full length of the internode as might be expected of the 
medullary rays. It is possible, however, that they could 
undergo some separation during internodal elongation. The 
most likely interpretation is that the procambium in Hoheria 
angustifolia first develops as a series of discrete strands 
with protophloem elements differentiating in the exarch 
position of each strand (Fig. 2-5). The first protoxylem 
strands differentiate to the inside of a number of protophloem 
strands and their interfascicular sectors. Periclinal 
division in the procambial cells begins at a very early stage 
in both the fascicular and the interfascicular sectors so that 
a complete cylinder of procambial cells exists from the base 
of the shoot tip. This cylinder continues periclinal division 
and derivatives from it differentiate into complete cylinders of 
meta xylem and meta phloem. The cells of the fascicular sectors 
are long and consitute primordial fusiform initials. The 
cells of the interfascicular sectors form groups of 
primordial ray initials. 
Separation of the procambial cells into two systems is 
maintained throughout internodal elongation by a higher 
frequency of transverse division in the short cells of the 
interfascicular sectors than in the longer procambial cells. 
It would seem likely that a separation of the procambium into 
short and long cells might well be a feature of other plants 
where the primary xylem forms a complete cylinder prior to the 
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onset of secondary growth. 
Although most longitudinal divisions in the long prim-
ordial fusiform procambial cells of Hoheria angustifolia are 
truly radial longitudinal, the frequent yet irregular occurrence 
of transverse division prevents the early establishment of a 
storeyed pattern. This storeyed pattern does not become 
evident in Hoberia anqustifolia until considerable radial 
growth has occurred and is likely to be more closely related 
to the radial distance from the stem centre than to the inter-
nodal number behind the apex. 
Cumbie (1967b) distinguished between the long cells of 
the procambium and the fusiform initials of the cambium on the 
basis of differences in the shape in their end walls. In 
Canayalia he found that most of the long cells of the pro-
cambium had transverse end walls, whereas the cambial fusiform 
initials had abruptly tapering pointed tips. In Hoheria 
anqustifolia the end walls of the fusiform initials are not 
markedly pointed until at least the ninth internode. Pointed 
ends are gradually acquired following the cessation of trans-
verse division in the long cells at the end of internodal 
elongation, followed by repeated periclinal and occasional 
anticlinal division. In this respect Hoheria angustifolia 
resembles Nicotiana (Esau, 1938), Canavalia(Cumbie, 1967b) and 
Phaseolus (Enright and Cumbie, 1973). 
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New ray initials in the vascular cambium of Hoheria 
angustifolia, resulting from the segmentation of fusiform 
initials, first appear about the seventh internode. The 
~ubsequent development of new rays is necessary to maintain 
the fusiform to ray initial balance as the cambial circum-
ference expands with radial growth. The appearance of new 
rays in the cambium, however, is not necessarily a reliable 
indication that secondary growth has commenced. New rays are 
known to appear in the procambia of Canavalia (Cumbie, 1967b), 
Ginkgo (Soh, 1972) and Phaseolus (Enright and Cumbie, 1973) 
by the segmentation of long procambial cells before these cells 
become transformed into fusiform cambial initials. 
Like Canavalia (Cumbie, 1967b), Hoheria anqust~fQlia is 
a plant in which the procambium and vascular cambium are 
similar in many respects. Vascular tissues differentiate 
from the products of repeated periclinal division in both 
meristems. Both meristems are also organized into two 
systems of cells. The longer transverse ended cells of the 
procambium gradually become transformed into fusiform cambial 
initials while the shorter cells become transformed into 
cambial ray initials. Together these cells form a complete 
cylinder of meristematic tissue separating the xylem and phloem 
from a very early stage of shoot development. Anticlinal 
division occurs in both the procambium and cambium by means 
of radial longitudinal divisions producing new daughter cells 
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side by side in tangential view. This storeyed pattern is 
not retained in the procambium due to the subsequent transverse 
divisionsthat accompany internodal elongation. The deve-
lopment of a storeyed pattern in the fusiform initials of the 
vascular cambium, however, is not dependent on a storeyed 
pattern within the axially elongated cells of the procambium. 
Some differences between the procambium and cambium in 
Hoheria anaustifolia are evident. Because the procambium is 
active at a time when the internodes are elongating, its cells 
maintain their length by transverse division. Although the 
nature of the secondary xylem of Hoheri~ ang~s\ifolia prevents 
the sequence of such divisions from being observed in the 
derivatives of the vascular cambium, measurements of the mean 
lengthi of vessel members (Section 4 of this thesis) indicate 
that the transverse division of fusiform cambial initials is 
likely to be a very rare event. The axially elongated cells 
of the two systems also differ in the shape of the end walls. 
The transverse ends of the long procambial cells again are a 
consequence of the transverse divisions occurring within these 
cells. The pointed ends of the fusiform cambial initials in 
Hoheria anqustifolia are acquired gradually and do not appear 
immediately on the cessation of internodal elongation but 
rather as a product of radial growth. 
The observations of this5tudy support the view that the 
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procambium and cambium are best regarded as two developmental 
stages of the same meristem. Although some differences are 
evident between the mature storeyed cambium and the non-
storeyed procambium, these differences are directly attributable 
to the primary elongation of the internodes behind the apical 
meristem. The transition from procambium to cambium is a 
gradual one with the meristem taking on the characteristics of 
the latter over a number of internodes, some before and some 
after internodal elongation has ceased. 
SECTION THREE 
DEVELOPMENTAL CHANGES IN THE VASCULAR CAMBIUM OF 
AESCHYNQMENE HISPlPA WILLD. WITH RADIAL GROWTH. 
3.1 SUMMARY 
Developmental changes in the vascular cambium of 
Aes,hynomene hispida Willd. were determined from an analysis 
of transverse and tangential longitudinal sections of the 
secondary xylem. Increase in the number of fusiform cambial 
initials in this plant is brought abeut by two types of anti-
clinal division. The majority of these divisions are radial 
longitudinal contributing to the number of fusiform cells in 
the tangential plane. Occasional transverse division of 
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fusiform initials can add cells in the vertical plane. Apart 
from a slight rearrangement of the cell tips, there is no 
intrusive growth of the daughter cells following either type 
of division. Repeated radial longitudinal divisions produce 
a highly developed storeyed pattern of the fusiform initials 
when viewed in tangential section, following radial growth. 
The frequency of radial longitudinal division, recorded as a 
percentage of the fusiform initials that divide for each milli-
metre of radial growth, declines with radial distance from the 
st em centre. The mean length of the fusiform initials remains 
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fairly constant with radial growth but the tangential width 
of these cells increases rapidly over the first 10 mm and 
then remains constant. An apparent deficiency in the 
frequency of anticlinal division over the first few millimetres 
of radial growth is compensated for by an increase in the 
tangential dimension of the fusiform initials. No loss of 
fusiform initials occurs other than that resulting from their 
transformation into ray initials. Both uniseriate and multi-
seriate ray initials generally occupy similar tangential 
dimensions to neighbouring fusiform initials. New rays 
develop by the subdivision of individual fusiform initials. 
The secondary xylem produced by the cambium is unusual in that 
the axial parenchyma cells, vessel members and fibres all remain 
largely within the confines of the storeys. 
3.2 INTRODUCTION 
The production of secondary xylem by periclinal 
divisions in the vascular cambium results in a progressive 
increase in the circumference of the cambial cylinder. To 
keep pace with this expansion, the fusiform initials of the 
cambium undergo occasional anticlinal division. In the 
gymnosperms and in many of the dicotyledonous plants, this 
division involves the development of an oblique cell plate 
which divides the parent fusiform initial into two shorter 
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daughter cells. Following this pseudotransverse division, the 
two daughter cells elongate by intrusive growth thereby 
expanding the cambial circumference (Bailey, 1923). This 
process of pseudotransverse division followed by intrusive 
growth produces the non-storeyed type of cambium. The 
developmental changes associated with this process in the 
gymnosperms, including the division cycle t the elongation of 
the daughter cells and the loss of some of these from the 
cambium has been intensively studied in recent years (Bannan, 
1950, 1957a, 1957b, 1968; Whalley, 1950; Hejnowicz, 1961,1964; 
Scrivastava, 1963b). There have also been a number of studies 
of the developmental changes in the vascular cambium in 
dicotyledons. These include investigation on pyrys commuQis 
(Evert, 1961), ~ir~odendroQ tylipifera (Cheadle and Esau, 1964), 
Leitneria floridanq (Cumbie, 1967a), Hibiscys lasiocarpus 
(Cumbie, 1963; Walker and Cumbie, 1968), Polygonum lapathifolium 
L. (Cumbie, 1969a) and Apocynum sibiricym L. (Cumbie, 1969b). 
While the nature of the anticlinal division and the amount 
of cell loss following division varies between these plants, 
each of them essentially has a non-storeyed cambium. A 
number of the more highly advanced dicotyledons possess vascular 
cambia where the fusiform initials are in definite storeys. 
In this type of cambium, anticlinal division takes the form of 
a more truly radial longitudinal division and there is no 
intrusive growth of the daughter cells following division. 
Compared with the investigations that have been undertaken 
on the non-storeyed cambium, the storeyed cambium has been 
somewhat neglected. 
of Beijer (1927). 
The only comprehensive account is that 
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The increasing circumference of the cambium also requires 
that the number of ray cells be continually increased if the 
relationship between the axial and radial elements is to be 
maintained. The origin of new rays in gymnosperms has been 
studied in detail by Bannan (1934, 1951, 1953 and 1956)~ 
Barghoorn (1940a) and Scrivastava (1963a, 1963b) and in 
angiosperms by Barghoorn (1940b, 1941a, 1941b), Evert (1959, 
1961), Cumbie (1963) and Cheadle and Esau (1964). 
In many species, a new secondary ray arises from i 
segment cut off one side of the parent fusiform initial, or 
it may arise from the end of the fusiform by a transverse 
division. The ray then increases in height by transverse 
divisions, and in width by radial divisions. Occa signally 
new cells are added to the side of a ray from a neighbouring 
fusiform initial. New rays may also develop by the partial 
or total segmentation of a fusiform initial or from the 
surviving cell of a declining fusiform initial. 
The relative frequency of the various types of ray origin 
varies considerably in both gymnosperms and angiosperms. The 
only trend that has emerged from the literature is the 
81 
increasing tendency for ray origin to occur through seg-
mentation with increasing structu~l specialization, shortening 
of initials and the trend towards decreasing loss of fusiform 
initials (Philipson ~ £l., 1971). In the primitive dicotyledon 
L1.1od.ngron (Cheadle and Esau, 1964) the segments of the 
subdivided fusiform initials undergo reduction in height with 
the loss of some segments. In L.itn,ria (Cumbie, 1967a) 
long initials ~ay decrease in height with some loss of segments 
but the shorter initials undergo segmentation without reduction 
in height. In HLbiscus and Polygonum (Cumbie, 1963, 1969a) 
there is little or no reduction in height and no loss of 
segments. 
While segmentation of a fusiform initial to form a uniserate 
ray represents a loss in multiplicative dividing power for the 
cambium. the ray initials themselves can make a significant 
contribution to the expanding cambial circumference by them-
selves dividing radially to form a multiseriate ray. 
This section of the thesis describes the developmental 
changes occurring within the vascular cambium of Aeschynomen. 
biluUga (Papilionacea e). Tbis plant is unusual in that none 
of the xylary derivatives of the vascular cambium - vessel 
elements, fibres or parenchyma strands, undergo any appreciable 
intrusive growth during differentiation. The cells of the 
wood replicate the pattern of the cambial initials, remaining 
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in neat horizontal rows when viewed in tangential longitudinal 
section. It also has the advantage of having narrow rays 
whose tangential dimensions do not exceed those of the fusiform 
initials. Its wood, therefore, is a particularly ideal tissue 
in which to study the frequency and nature of the anticlinal 
divisions in the fusiform initials, and the subsequent cell 
adjustments that lead to the production of a storeyed cambium. 
3.3 MATERIALS AND METHODS 
Material of Aesch~nQmene hispiga, collected from the 
British Honduras, was kindly sent to this Department by 
Dr C.R.Metcalfe of the Royal B.:>tanical Gardens, Kew. The 
date of collection is not known. A block of stem material 
48 mm in diameter was used as the basis for this study. From 
this, a rectangular block 12 mm wide by 6 mm deep was cut to 
include the pith and the wood on both sides of the stem. 
This was further divided into eight blocks as indicated in 
Fig. 3-1. These blocks were prepared for sectioning using 
standard paraffin methods. A small number of transverse 
sections were first cut off each block and then after 
remounting on the microtome, each block was completely cut 
into serial tangential sections of 12pm thickness. These 
sections (approximately 4,000 in number), after mounting, 
were stained dccording to standard safranin - fast green 
procedures and mounted in DePex. 
In order to study the developmental changes that had 
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Identification 
mark. 
Fig. 3-1. A diagram to illustrate the way in which the stem 
material of Aeschynomene hispid~ was divided into 
eight blocks for sectioning. Transverse sections 
were first cut off the blocks and then after 
remounting, each block was cut into serial tangential 
sections. A small line cut along the side of the 
blocks assisted orientation under the microscope. 
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occurred in the cambium as it progressed outwards in the stem, 
a number of techniques were employed. The transverse sections 
were placed in an overhead projection arrangement and photo-
graphic prints made directly from the image of the slides. 
About twelve photographs were needed to cover each section and 
these were assembled to form a photograph mosaic of the stem 
measuring approximately 4 metres by 76 cm. By tracing the 
files of cells in these photographsJthe positions of the 
anticlinal divisions and any subsequent cell loss could be 
detected (Fig. 3-2). 
The serial tangential sections were also examined using 
the overhead projector. The developmental changes in the 
ca~bium were studied, in this case, by following the radially 
aligned derivatives in successive tangential sections. Two 
methods were employed. For the sections cut from one side of 
the stem, approximately every sixth section was photographed 
and files of cells studied using a cardboard template over the 
photographs. In the serial tangential sections prepared from 
the other side of the stem, one storey of cells was selected 
and drawings made of these cells in sections in which changes 
in the cell number or arrangement could he detected. 
Cell length and width measurements were made using the 
ov.erhead projection system, the image being projected onto ciI 
calibrated scale. Fifty cells were measured in each sample. 
Two arrOWi mounted on the projection screen enabled two cells 
Fig. 3-2. A transverse section of the secondary xylem of 
Aeschynomene hispida. Because the ma jority of 
the anticlinal divisions in the cambium are 
radia l longitudinal, the derivatives of the 
fusiform ini~ ial s remain in neat radial files. 
Three radial longitudinal divi sions are indicated 
by the circles drawn on the photograph. X 190 
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to be selected at random for length and width measurement from 
the tangential longitudinal sections. The image was then 
moved vertically through twenty-five storeys to obtain the 
full dat~. 
3.4 OBSERVATIONS 
The secondary xylem of Aeschynomene is very light, being 
made up largely of thi~ walled parenchyma cells. No 
growth rings were observed in the examined material. The 
parenchyma tissue is built up of vertically elongated cells, 
fusiform in outline, with hexangular tips (Figs. 3-3 and 3-4). 
In tangential section the cells reflect the storeyed pattern 
of the vascular cambium, the cell tips of one storey only 
slightly overlapping with the cells of vertically adjacent 
storeys. Interparenchyma pit-pairs are of the simple type. 
Some of the parenchyma cells, especially those close to vessels, 
show subdivision into two (Fig. 3-3), or occaSionally more 
cells per strand. They may also contain crystals, the number 
of crystals per strand being usually between 8 and 11 (Fig. 
3-5). 
The vessels are solitary (Fig. 3-2), or very occasionally, 
in small radial multiples. The individual vessel elements 
remain within the storey and have simple perforation plates. 
Vessel to vessel pit-pairs are of the bordered type. 
Fig. 3-3. Tangential longitudinal section through the secondary 
xylem. The axial parenchyma cells (p) that form the 
bulk of the wood are fusiform in outline with 
abruptly tapering ends. Subdivision of these cells 
into axial strands occurs only rarely and then 
mainly in those cells close to a vessel. The vessel 
members (V) and the main body of the fibres (F) also 
remain within the confines of the storeys. X 250 
Fig. 3-4. Radia l longitudinal section of the secondary 
xylem through parenchyma. X 77 
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Fig. 3-5. The majority of t he r a ys, both uniseriate and 
multiseriate , remain gener~lly within the storeys 
and have similar tangential dimensions to the 
adjacent fusiform initials. A few large multi-
seriate rays with horizontal tracheary elements 
occurD The circles marked on the photograph 
indicate short storeys that have resulted from 
r adial longitudinal divisions foll .owing a transverse 
anticlinal division. A number of parenchyma strands 
showing subdivision and containing crystals can also 
be seen in this photograph. X 170 
The wood is unusual in that the fibres undergo com-
paratively little intrusive growth during differentiation. 
They are distributed around the vessels in an aliform to 
banded distribution when viewed in transverse section. In 
longitudinal section they can be distinguished from the 
parenchyma cells by their thicker, more easily stained walls 
and their more pointed ends (Fig. 3-3). Occasionally the 
tips of fibres intrude between the cells of the storeys 
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immediately above and below. When this happens the main body 
of the cell still remains within the confines of the storey. 
Both multiseriate and uniseriate rays are present, but 
the majority are uniseriate and confined to one storey or 
le~in height. Some rays are multiseriate for part of their 
height only. Even when multiseriate, the rays rarely exceed 
the tangential width of the adjacent parenchyma cells. A few 
larger multiseriate rays also occur and these frequently 
possess horizontal tracheary elements (Fig. 3-5). 
The pattern of anticlinal cell division in the cambium 
was clearly replicated in the cells of the secondary xylem 
examined. Except where large vessels obscured the pattern, 
the files of cells cut off the fusiform and ray initials 
could be readily traced in the tangential longitudinal sections. 
The examination of these sections indicated that in Aeschyno-
mene hispida, anticlinal division in the cambium almost always 
takes the form of a radial longitudinal division extending 
the full length of the fusiform initial (Fig. 3-6b). This 
results in the two daughter cells lying side by side in 
tangential'view after division and produces the storeyed cell 
arrangement of the initials. As a consequence of this 
repeated radial longitudinal division, the number of cells 
per storey shows an increase with radial distance from the 
stem centre (Fig. 3-7). More rarely a transverse division 
was observed, the new wall dividing the fusiform initial 
approximately into two. Generally such a division is the 
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first stage in the development of a new ray, but it can also 
lead to the development of two storeys each about half the 
height of the adjacent storeys, if radial longitudinal division 
follows (Fig. 3-5). Although transverse divisions were not 
observed to have occurred simultaneously in two or more adjacent 
fusiform initials, this does not preclude such a possibility. 
Ray counts made on the tangential sections indicated 
that the ray initials constituted only a small proportion of 
the cambial circumference at any given distance from the stem 
centre (Fig. 3-8), the percentage of the cambial circumference 
occupied by ray initials showing a decrease over the first 
few millimeters from the stem centre, and then remaining 
fairly constant at about 5%. 
New ray initials are continually being added to the 
cambium as radial growth proceeds, in order to maintain 
this balance of ray to fusiform initials. In the majority 
a b c 
d e f 
Fig. 3-6. (a) and (b): Stages in radial longitudinal division 
within the cambium as observed from the ~renchyma 
of the secondary xylem. (c), (d) and (e): Stages 
in ray development. Following subdivision of the 
fusiform initial, the upper or the lower daughter 
cell undergoes further subdivision into two or 
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four cells before the other daughter cell subdivides. 
(f): Multiseriate rays can occupy either half the 
height of the storey or by subdivision of the other 
daughter cell they may extend the full height of the 
storey. (Drawn from tangential longitu4inal secti6n;) 
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Fig. 3-7. Tangential longitudinal sections of Aeschynomene 
hispida: (a) at 2 mm radius and (b) at 23 mm radius. 
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occupied by ray initials plotted against radial 
distance from the stem centre. 
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of cases a new ray develops by the transverse division of a 
fusiform initial, dividing the parent cell approxim~tely into 
two. The upper or the lower of the two daughter initials 
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then further subdivides by transverse division, usually into 
two or four cells (Fig. 3-6 c ~nd d). The ray produced may 
continue through a considerable number of periclinal divisions 
rem~ining, in effect, only half a storey in height. These 
ray initi~ls m~y then divide longitudinally to give a multi-
seriate ray or the shorter fusiform initi~l below may subdivide 
to produce ~ ray equ~l in height to the adjacent fusiform 
initials (Figs. 3-3, 3-5, 3-6~ and f). R~y initials, either 
uniseri~te or biseri~te, norm~lly form a ray with similar 
tangential dimensions to neighbouring fusiform initi~ls. 
The frequency of radial longitudinal division in the 
cambium was determined from the photographs of the transverse 
sections. A sector subtending an angle of 240 was marked 
out and counts made of the radial longitudinal division that 
had occurred within each millimetre of radi~l growth. The 
percentage of the fusiform initi~ls that h~d divided during 
e~ch millimetre of radi~l growth w~s calculated, after sub-
tr~cting the rays from the original cell count on the b~sis 
that these are not adding ~nything addition~l to the new 
cambial circumference. A summation of the cell division 
for e~ch five millimetres of r~dial growth is shown in 
Table 3-1, and the percentage of fusiform initials that had 
Millimetres 
distance from 1 6 11 16 21 26 
stem centre 
Total cell 
count within 30 87 139 218 257 399 
240 segment 
Total number 
of rays 2 5 7 10 14 21 
New rifys 3 2 3 4 7 
Total fusiform 
initials 28 82 132 208 273 378 
New fusiform 
initials 54 50 76 65 105 
Radial longitudinal 1.25 0.50 0.48 0.32 0.31 division per 
fusiform initial 
Table 3-1. A summary of the number of fusiform and ray 
initials at 5 mm intervals from the stem centre. 
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undergone radial longitudinal division for each millimetre of 
growth is graphed in Fig. 3-11 line B. No loss of fusiform 
initials following ridial longitudinal division w.s observed, 
The mein length of pirenchyma cells showed a slight 
increase followed by a slight decrease (Fig. 3-9) with 
increasing radial distance from the stem centre. These data 
are based on the tip to tip measurement of fifty parenchyma 
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cells selected at random in the tangential longitudinal sections. 
The mean width of these cells showed an increase over the first 
ten millimetres from the stem centre and then decreased 
slightly outwards to the cambium (Fig. 3-10). 
3.5 DISCUSSION 
Most of our present information on changes occurring in 
the vascular cambium of seed plants has been obtained from 
investigations made on the secondary xylem, and not from direct 
examinations of the cambium itself. Since the cambial initials 
J~ve a record of their activities in these derivatives, the 
general sequence of changes in cell size and arrangement, that 
occur in the cambium with radial growth, can be determined 
by an examination of the secondary xylem. However, since 
the xylary derivatives of the cambium undergo elongation 
during their differentiation, data thus obtained are of 
necessity erroneous to the extent of any elongation or cell 
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Fig. 3-11. Line A: The theoretical percentage of the fusifoI~ 
cambial initials that need to divide anticlinally 
. per millimetre of radial growth in order to supply 
the needs of the expanding cambial circumference. 
Line B: The measured percentage of the fusiform 
initials in Aeschyn~mene hispida that divided 
radial longitudinally per millimetre of radial 
growth. 
rearr~ngement that has occurred after the derivatives have 
been cut off the c~mbium. 
The bulk of the wood of Aeschynomene bLsgidi is built 
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up ofaxi~l p~renchyma cells ~nd vessel members which do not 
undergo any ~ppreci~ble elongation with differenti~tion. 
These cells, therefore. replicate closely the b~sic cell 
pattern found in the v~scul~r c~mbium of this species. Even 
the fibres do not show any appreciable elongation. Where 
their tips do intrude between the cells in ~djacent storeys, 
the main part of the cell rem~ins generally fusiform in out-
line within the confines of the original storey. It is 
possible, therefore, to study the development~l changes 
occurring in the vascular c~mbium relatively easily in this 
pl~nt by eXamining transverse ~nd tangential longitudinal 
sections of the xylem and c~mbial regions. 
When ~ stem ex~nds r~di~lly, the number of cells in 
the cambium is continually increasing to keep pace with the 
incre~sing circumference of the stem. In the gymnosperms 
and dicotyledonous plants with the non-storeyed ~rrangement 
of fusiform initials in the cambium, the processes responsible 
for the circumferential expansion of the cambium are complex 
because they involve the interplay of a number of factors; 
the frequency of pseudotransverse division, the amount and 
timing of the elong.tion of the new daughter cells to reach 
their final size, and the preferential loss of some of these 
new cells (Philipson ~ ~.J 1971). AeschYnomene hisQida 
is an interesting plant in which to study the frequency of 
anticlinal division in the cambium because the elongation 
of daughter fusiform initials, and the preferential loss of 
some of these, are eliminated by virtue of the nature of 
the division pattern within the storeyed cambium. 
In Aeschynomene hisQida anticlinal division in the 
fusiform initials of the cambia, in most cases, takes the 
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form of a radial longitudinal division running the full length 
of the parent cell. Such divisions are easily detected in 
transverse sections of the secondary xylem as a doubling in 
the radial files of cells (Fig. 3-2). The occisional trans-
verse division in the cambium does not add any new cells in 
the tangential plane of the expanding cambium, but does result 
in the production of a number of short storeys after further 
radial longitudinal division. Although such transverse 
divisions were only occasionally observed, they are probably 
responsible for the slight decrease in the mean cell length 
recorded with increasing distance from the stem centre (Fig. 
3-9). No oblique anticlinal divisions were recorded. Ray 
development in Aeschynomene hispid. occurs as the result of 
partial or total segmentation of a fusiform initial. Where 
only half of a fusiform initial undergoes segmentation, ,the 
undivided half survives but does not undergo any further 
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anticlinal division (though it also may undergo segmentation at 
a later stage). Radial division within the segments of a 
subdivided fusiform initial occasionally produces a multiseriate 
ray. Such division may occur in all the segments of the ray, 
in only half of them or be confined to a single cell only. 
Both the uniseriate and the multiseriate rays occupy similar 
tangential dimensions as the fusiform initials from which they 
are derived. They represent, however, a loss in multi-
plicative dividing power to the cambium since neither type 
of ray undergoes any further radial division. The measured 
frequency of radial longitudinal division in the cambium of 
Aeschynomgne hisgida, as determined from observations on 
transverse sections of the secondary xylem, therefore accounts 
for all the anticlinal divisions that have in fact added in 
any way to the expanding circumference of the cambium. 
Over the first few centimetres of radial growth the 
perimeter of the stem is increasing very rapidly in relation 
to the radius and a much higher rate of anticlinal division is 
required to provide new initials for the cambium than is 
required later in radial growth (Philipson and Butterfield, 
1967). For a one millimetre increment of radial growth 
occurring from one to two millimetres from the stem centre, 
for example, the cambial circumference will have doubled. 
In a plant with a storeyed cambium, where anticlinal division 
is of the radial longitudinal type, in theory every fusiform 
104 
initial will have divided at least once. As radial growth 
proceeds, however, the percentage of such cells that need to 
divide decreases. For one millimetre of radial growth between 
twenty and twenty-one millimetres from the stem centre, only 
one cell in every twenty fusiform initials in a storeyed cambium 
will need to divide. The theoretical frequency of anticlinal 
division is plotted in Fig. 3-11, line A. It is clear, 
therefore, that a higher frequency of anticlinal division in 
the cambium is required close to the stem centre than is 
required later in radial growth when the cambial cylinder has 
attained a greater diameter. This phenomenon has been 
recorded for a number of plants with non-storeyed cambia 
(Bannan, 1950, 1960a; Scrivastava, 1963bi Cumbie, 1967a) 
but has not previously been shown for a plant with a storeyed 
cambium. Its significance in the overall division cycle 
of the storeyed cambium has never been recorded. 
The recorded results for anticlinal division in the 
cambium of Aeichyn9mene hispida, graphed as a percentage of 
fusiform initials undergoing division, are presented in Fig. 
3-11, line B. This pattern corresponds closely with the 
theoretical curve on the same figure. Over the early part of 
radial growth there is an apparent deficiency in the production 
of new fusiform initials to meet the demands of the rapidly 
expanding cambial circumference. This would appear to be 
compensated for by the increase in the tangential 
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dimensions of the cells over this period of radial Qrowth 
(Fig. 3-10). ThrouQhout the later part of radial Qrowth, 
the frequency of anticlinal division in the fusiform initials 
is sliQhtly higher than the theoretical figure because of the 
percentage of the cambial cylinder that is occupied by the 
ray initials. In Aeschynomene hisgida these initials do 
not add to the cambial circumference by anticlinal division. 
Even when the rays become multiseriate they rarely exceed the 
tangential dimensions of the fusiform cells. The presence 
of these groups of ray initials partly explains the discrepancy 
between the observed and the theoretical frequencies of anti-
clinal division in Fig. 3-11. 
The irregularity in the line for the recorded percentage 
of the fusiform cambial initials undergoing division is the 
result of a number of factors including the cyclic production 
of new rays (see Fig. 3-8), and a natural irregularity in the 
frequency of radial longitudinal division in the fusiform 
initials compensated for by slight changes in the mean tan-
gential widths of the cells (Fig. 3-10). An apparently 
perfect balance between the supply and demand of new fusiform 
initials is thus maintained in this species and no loss of 
cells from the cambial radius occurs. 
It is clear from this study that in plants with storeyed 
cambia the diameter of the cambium at the time of its initiation 
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will have a direct bearing on the subsequent arrangement of 
the fusiform initials. The smaller the diameter of the 
cambium at its initiation, the higher will be the rate of 
anticlinal division required during the early stage of 
secondary growth. Such stems tend to have a more highly 
developed storeyed pattern at any given radial distance from 
the stem centre, in contrast to stems in which the cambium, 
as such, begins its activities outside a considerable thickness 
of pith and primary xylem tissues. 
VARIATION IN 
AND VESSEL 
4.1 
SECTION FOUR 
THE SIZE 
MEMBERS IN 
OF FUSIFORM CAMBIAL INITIALS 
HQHERIA 8NGUSTIFOLIA RAOUL. 
SUMMARY 
The lengths and widths of fusiform cambial initials and 
vessel members are examined in Hoheria angustifol~a Raoul, 
a habit-heteroblastic tree with a storeyed cambium. 
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A significant correlation is shown to exist between the 
lengths of the fusiform cambial initials and the vessel members 
in the last formed xylem in a number of trees sampled at 
various heights. 
No change in mean vessel member length could be detected 
with increasing distance from the stem centre in nine discs, 
though in one stem with a markedly eccentric growth, cell 
length decreased slightly with distance from the stem centre. 
Within the individual growth rings, the mean length of the 
vessel members tends to increase towards the late wood. 
This change is brought about by an increasing angle of the 
end wall in the late wood vessel members and is not a result 
of developmental changes occurring in the vascular cambium. 
It is, therefore, concluded that the fusiform cambial initials 
in this species normally proceed without change in length 
from the onset of secondary growth. 
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Although individual trees showed a variety of cell length 
sequences, the means of fusiform initial lengths for fixed 
heights in a number of trees showed a slight decrease with 
increasing height in the tree. The analyses of variance 
indicated a significant difference between samples at various 
heights but not between trees, and showed that the linear 
decrease in cell length up the tree was responsible for most 
of the differences among the height samples. 
Mean f~siform initial width showed an increase followed 
by a decrease with increasing height up the tree. Except at 
the lower levels in the tree, this appears to be related to 
the cambial radius. 
4.2.1 INTRODUCTION 
The literature relating to cell size variation in the 
secondary xylem of woody plants is vast (see reviews by Spurr 
and Hyvarinen, 1954; Dinwoodie, 1961; and Philipson ~ £1., 
1971). In view of the importance of wood as a raw material 
this is not surprising. Factors such as cell length, width, 
and wall thickness have been examined in many tree species 
with respect to position in the tree, the age of the plant, 
genetic constitution of the species, and environmental factors. 
109 
The overall picture, nevertheless, is complex and the various 
findings are at times conflicting. 
Since the time of Sanio (1872), whose findings for Pinus 
§xlyestris are now regarded as "Sanio's Laws", wood anatomists 
have attempted to establish patterns of cell length variation 
within the growth ring, across the stem from pith to bark and 
up the tree. Attempts have been made to relate these findings 
to the rates of radial and terminal growth of the shoots. 
Seedlings have been subjected to various day length and 
temperature regimes in attempts to establish the causes of 
these variation patterns. Cell length, in particular tracheid 
and fibre length variation, has been the subject of most of 
the studi es. By comparison, cell width and wall thickness 
variation patterns have received less attention. Because of 
their greater potential economic importance, coniferous tree 
species have been studied more intensively than have angiosperm 
species. 
The length of the axial cells in the xylem is dependent 
on two factors, namely the length of the fusiform initials 
from which they are derived by periclinal division, and the 
amount of intrusive growth which they undergo during their 
differentiation. Unfortunately, it is not possible to 
separate these factors in an examination of the mature 
secondary xylem of most woods. Tracheids and fibres undergo 
quite appreciable amounts of intrusive tip growth during 
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their differentiation, the actual amount varying with the 
season during which these cells are laid down. Vessel members 
and strands of axial parenchyma cells undergo fewer changes in 
length with differentiation and are, therefore, most likely to 
represent the sequence of size changes that have occurred 
within the vascular cambium. Few studies, however, have been 
made on the size variations of these cells or their relation-
ship to the size of the fusiform cambial initials. 
In addition to the size changes that result from varying 
amounts of intrusive tip growth of the xylary derivatives 
during their differentiation, differences in the length of these 
cells with position in the tree are also the result of changes 
that have occurred within the vascular cambium with radial 
growth. Once a population of cambial initials has become 
established at the end of primary growth, it will move hori-
zontally outwards, normally dividing off new xylem cells to the 
inside and new phloem cells to the outside. This radial 
growth is accompanied by circumferential expansion of the 
cambium, a process which involves an increase in the number 
of fusiform initials. In plants with a non-storeyed cambium, 
this occurs by means of a pseudotransverse wall being laid 
down usually near the centre of the dividing cell. The two 
daughter fusiform initials so formed then elongate by the 
intrusive growth of their cell tips. The resultant size of the 
fusiform initials in the non-storeyed cambium is governed, 
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therefore, by the frequency of pseudotransverse division and 
the rate and amount of elongation of the new initials. The 
preferential loss of short fusiform initials following pseudo-
transverse division adds a further complication. 
The nature of the division cycle with circumferential 
expansion in plants with a storeyed cambium is such that one 
would expect to find little change in size of the fusiform 
initials with radial growth (Section 3). In these species, 
radial longitudinal divisions divide the parent fusiform 
cambial initials from tip to tip (Philipson ~ al., 1971). 
Repeated anticlinal division of this type results in the 
fusiform initials lying in neat rows or storeys when viewed 
tangentially. Apart from the minor rearrangement of the cell 
tips (Beijer, 1927), daughter cells show little or no intrusive 
growth following such division. Indeed, if newly formed 
fusiform initials were to crowd past one another, the storeyed 
or stratified arrangement would rapidly be lost. Once laid 
down at the onset of secondary growth a population of fusiform 
cambial initials, therefore, should maintain a more or less 
constant cell length with radial growth in plants possessing 
storeyed cambia. 
The object of this study is to examine the effect of 
radial growth on the apparent length of the fusiform initials 
using the vessel members as an indication of fusiform initial 
length, to relate the length of the vessel members in the 
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last formed xylem to the length of the fusiform initials and 
to establish any patterns of variation in length and width 
of fusiform initials with position in a tree with a storeyed 
cambium. 
4.2.2 
The New Zealand flora has a number of woody plants where 
the vascular cambium is storeyed. The cells of the xylem, 
however, are rarely storeyed in these genera with the exception 
of the vessel members and axial parenchyma strands. 
The genus Hoheria (adapted from the Maori name houhere), 
a member of the Malvaceae, is endemic to New Zealand. All 
its five recognized species have storeyed cambia. (A sixth 
possible species grows in the Tararuas but is as yet unnamed). 
It is an interesting genus in that its species illustrate a 
range of habit forms. The two mountain species, Hoheris 
lYslli Hook.f. and Hohe.ia glabrata Sprague et Summerhayes 
are small deciduous trees that do not show any marked change 
in habit with age. Two other speCies, however, HQhe.ia 
sexstyloss Col. and Hohe.ia angustifolia Raoul., both have a 
markedly shrubby phise with heteroblastic leaf development. 
The species HQheris angijstifolia (narrow leaved lacebark) 
was chosen for the major portion of this study on variation in 
cell size in the cambium and its derivatives because of its 
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storeyed cambium, its unusual growth f~s and the ready 
availability of mature trees within a reasonable distance of 
the University of Canterbury. 
The juvenile shrub of Hoher~a angystifolia consists of 
a number of rather strong upright shoots bearing long whip 
like lateral branches, usually deflexed, which become closely 
interwoven (Fig. 4-1a). In this form the plant bears small 
leaves (Fig. 4-2). When the shrub attains a height of about 
3 metres, the laterals become arched and the leaves show a 
transition toward the .dult form. In this way a small 
fastigiate tree is formed with one or sometimes several 
trunks still clothed in persistant interlaced laterals, many 
still bearing the small leaves characteristic of the juvenile 
form. The fully mature tree looses its fastigiate habit, 
having a spreading crown of several strong branches (Fig. 
4-1b). Its leaves are larger and more strongly toothed 
than the juvenile and intermediate ones. Fully grown 
it can reach 10 metres and prefers the lowland or swamp 
forest where it grows naturally from Hawke's Bay to Foveaux 
Strait. 
4.3 MATERIALS AND METHODS 
Fifteen Hoheria angustifolia trees growing on Banks 
Peninsula, New Zealand, were used in this study. All were 
growing in open situations in full sunlight. As this species 
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illustrates leaf and habit heteroblastism (Philipson, 1963), 
specimens were selected so that five showed mature adult form 
with adult foliage, five were intermediate in form and leaf 
shape, and five were juvenile in form and bore small juvenile 
leaves. These trees were designated AI-5, 11-5, JI-5 
respectively. Discs of wood were cut from the leading stem 
or trunk of each tree at 3 foot intervals beginning at the 
2 foot level. The stem material of small diameter was fixed 
immediately in formalin-aceta-alcohol. The larger discs of 
wood were brought back to the laboratory and transferred to 
formalin-aceta-alcohol. The entire stem of the tree 15 was 
cut into 4 inch lengths and preserved in formalin-aceta-alcohol. 
Samples from the outside of other mature trees were also 
collected for the examination of the wood using scanning 
electron microscopy. These were also preserved in formalin-
aceto-alcohol and small cubes of about 4 mm per side were cut 
from them, dehydrated and mounted by the technique outlined by 
Exley, Butterfield. and Meylan (1974). They were then coated 
with 20 nm of carbon followed by about 20 nm of 60:40 gold-
palladium and examined in the vacuum dry state in the column of 
a Cambridge Series IIA scanning electron microscope. 
Cubes of wood including the cambium were cut from each 
disc of wood of trees AI-5. 11-4 and JI-5 and from every inch 
of the main stem of tree 15. All these wood and cambium 
specimens were dehydrated in tertiary butyl alcohol and 
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embedded in paraffin waX. Tangential longitudinal sections 
of 10-12pm thick of the cambium and xylem were cut using a 
rotary microtome. The sections were stained according to 
standard safranin fast-green procedures and mounted in De Pex. 
Macerations of the secondary xylem were made using 50/50 nitro-
chromic acid mixture and mounted in glycerine jelly. 
Cell lengths and widths were measured using an overhead 
projection system, the image of each slide being projected 
on to a calibrated scale. Usually 25 or 50 cells were 
measured in each sample. A string bearing two arrows lying 
over the projected image enabled cells to be randomly selected 
for measurement. A measuremental error of approximately 3% 
waS incurred by this technique. Unless otherwise stated, 
all measurements of vessel members and fusiform cambial 
initials were made from tip to tip of the cell. Cell widths 
were measured at the mid-point of the cell. Growth ring 
measurements were carried out directly on the stem blocks after 
the cut surfaces had been sanded. 
Cell length and width measurements were transferred to 
computer data cards and processed by the IBM 360/44 computer 
at the University of Canterbury. Computation of the basic 
statistics, analyses of variance, regression equations and 
product-moment correlations were carried out by programs 
based on those published by Sokal and Rohlf (1969) and 
designated A3.1, A3.4, A3.12 and A3.13 by these authors. 
In the course of this investigation~540 microscope 
slides were prepared and more than 50,000 cell measurements 
made. 
4.4.1 BASIC STRUCTURE OF THE SECONDARY XYLEM. 
The wood of Hoheria angustifolia is relatively light. 
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Although growth rings are readily visible when cut stems are 
viewed macroscopically, they are more difficult to detect under 
the microscope. Each growth ring is built up of several 
concentric bands of fibres alternating with vessels and axial 
parenchyma (Fig. 4-3). 
The vessels are distributed in multiples of up to 10 
pores and are separated i~o tangential groups by broad 
heterocellular multiseriate rays. The individual vessel 
members are interconnected by exclusively simple perforation 
plates (Fig. 4-4), the angle of the end wall varying from 
transverse to oblique. The secondary walls of the adjoining 
vessel members form a small rim around the vessel wall at the 
perforation and rarely form the overarching borders character-
istic of the vessels of many species with simple perforation 
plates (Butterfield and Meylan, 1971; Meylan and Butterfield, 
1972). The walls of the vessel members are overlaid by 
prominent helical thickenings (Fig. 4-5) that occasionally 
show branching. The intervessel pit-pairs are bordered with 
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Fig. 4-3. Transverse and tangential longitudinal faces of a 
cube of Hoheria angustifolia wood. Concentric 
bands of fibres alternate with groups of vessels 
and axial parenchyma cells within each growth ring. 
The larger multiseriate rays are conspicuous on 
both faces. X 180 
Fig. 4-4. A simple perforation plate between two adjoining 
vessel members. X 2,100 
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Fig. 4-5. Detail of a vessel wall showing helical thickening 
and intervessel pit apertures. Axial parenchyma 
cells can be seen on either side of the vessel. 
X 2,850 
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circular to slightly oval pit apertures. Vessel to ray pits 
are larger and more oval in outline than the vessel to vessel 
pits. 
In transverse view the libriform fibres are angular in 
outline and very thick walled (Fig. 4-6). They are arranged 
in concentric bands. The pits are generally simple with slit 
shaped apertures aligned at a low angle to the axis of the 
cell. 
Axial parenchyma cells are grouped adjacent to the vessels, 
though occasional isolated or groups of cells may occur among 
the fibres. In the axial direction they are grouped into 
strands of two or four cells, the end walls of the strands 
forming a point while dividing walls are transverse (Fig. 4-7). 
80th uniseriate and multiseriate rays occur. The multi-
seriate rays are wide and conspicuous in both the transverse 
and tangential longitudinal views. The cells to the centre 
of the larger rays are usually thicker walled and of smaller 
tangential dimensions than the cells to the periphery 
Crystals and other inclusions occur in many ray cells. 
80th the vessel members and axial parenchyma strands 
retain the storeyed pattern characteristic of the vascular 
cambium of this species (Fig. 2-21). 
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Fig. 4-6. Fibres, vessels and axial parenchyma cells in 
transverse view. The ves s els can be distinguished 
by their helical thickenings. The fibres are very 
thick walled and angular in outline. X 825 
Fig. 4-7. Vessels, rays and axial parenchyma strands in 
tangential longitudinal view. Each parenchyma 
strand is subdivided into two or four cells. 
X 365 
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4.5.1 
125 
VARIATION IN VESSEL MEMBER LENGTH AT ANY ONE 
LEVEL IN THE TREE. 
From his observations on Pinus ~ylyestrist Sanio (1872) 
concluded that tracheid length at anyone level in the tree 
increased outwards from the pith through a number of annual 
rings until a certain size waS reached, and then remained 
constant throughout the following rings. There has since been 
general agreement that there is an initial increase in tracheid 
and fibre length over the early part of radial growth in both 
gymnosperms and angiosperms but investigations beyond this 
point are somewhat contradictory. While some investigators 
have recorded results similar to those of Sanio t others have 
recorded a decrease, an increase, or considerable fluctuation 
in cell length after the initial increase (see Section 1.3.1). 
Since vessel members are generally assumed to approximate the 
length of the fusiform cambial initials from which they are 
derived, size change sequences in the secondary xylem of these 
cells should reflect the developmental changes that have occur-
red in the cambium with radial growth. 
Most woods also show a within-ring variation pattern, the 
cells of the early wood generally being shorter than those 
produced later in the Same annual ring. This variation 
pattern has been recorded for the vessel members of some non-
storeyed woods (Chalk and Chattaway, 1935; Bisset and Dadswell, 
1950; Bosshardt 1951; Swamy £i 41., 1960) as well for tracheids 
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and fibres in many species (Dinwoodie, 1961). Such size 
changes have been recorded for fibres in woods with storeyed 
cambia (Chalk ~ ~., 1955) but not for vessel members. 
4.5.2 METHOD 
Rectangular blocks of wood were cut from 10 Hoheria 
angustifolia stem discs. The sample numbers are indicated 
in Table 4-1. All except sample 10 came from the adult trees 
Al-5 listed earlier. Sample 10, taken from an inclined branch 
of another adult tree, included reaction wood. Each block 
was cut so as to pass from the stem centre out along a radius 
to the cambium, measuring 6 mm wide on the transverse face 
and 12 mm deep on the radial face. After ~taining the sanded 
transverse surfaces with a methylene-blue/ malachite-green 
solution, the positions of the growth ring boundaries were 
noted. 
Each sample was then cut into 1 mm wide slices, an oblique 
cut first being made along the block in order to assist sample 
orientation (Fig. 4-8). After gentle maceration, each slice 
was washed in distilled water and a scraping of the separated 
cells taken from its outer face. Where possible the lengths 
of 25 vessel members were measured in each preparation. The 
widths of the same 25 vessel members were also recorded for 
rings 6 to 9 in the AI, 2 foot sequence and correlation 
coefficients calculated. 
Sequence TraG Height Radius 
number (feet) (I'I11II) 
Number of Number of Mean vessel Regression 
growth rings measurements mamber lensth equation 
95~ confidence Hean length 
Hmits of slope IlJil.l"lj wood 
Mean length 
late woo':! 
(JSI) vessel members vessel me~~er5 
1 Al 1- 81 17 1987 252.0. y. 246 + O.13x .0.01 
2 Al S 63 13 l486 257.3 y. 249 + 0.17x .0.05 
3 AJ. 2 46 12 1147 293.l Y .. 311 • 0.49x .l.02 
4 A2 S 37 8 917 267.3 Y .. 259 + 0.43x .0.85 
S Al 1. 57 16 l469 260.9 Y • 260 + O.Olx .0.11 
6 A4 2 52 II 986 264.6 Y _ 254 + 0.47x .0.97 
7 A4 5 33 8 796 272.8 Y - 279 • 0.37x .0.83 
8 AS 2 63 l6 l439 298.6 • y .. 30i • O.lOx .0.24 
9 AS 5 46 l2 1109 271.5 y • 264 + 0.33x .0.l7 
.10 Reaction tklo.:! 37(8) lO(4) 375 261.8 y • 274 • 0.56)( .1.07 
saltlple 
.. 
Ta!;,le 4--1. The tree numbers and helght<; from whlch I:he lO discs were examined 1:0 determlne I:he ch4nges 
in vessel member length with disl:ance from the Sl:em centre, the number 0' vessel members 
measured for each diSC, their mean length and the regression equations for each. With the 
exception of sample lO I:ho 95~ confidence limits of I:he slope lie on either side of zero. 
There is no evidence. therefore, to suggest either an lncrea.se or a decrease in ,'essel 
m9~ber L6ngl:h wlth lncre4sins distanca from the 81:e~ centre. Sa~ple LO shows a sllSht 
~ecrea&e in vessel member length wlth distance from the stem cenl:re. The mean lengths of 
I:he ve •• al members from the first and ~he l4S~!IIm SAmple of each growth ring are shown 1n 
the lalt two colUlllns. 
+0.28 
+0.40 
+0.04 
+1.01 
+0.14 
+0.04 
+0.10 
+0.05 
.... 0.83 
.0.05 
(pm) 
243.6 
246.2 
289.6 
251.2 
256.7 
259.5 
262.6 
290.3 
266~'5 
257.0 
263.9 
29S.7 
277 .6 
262.3 
26B.3 
277 .8 
301.1 
27B.5 
Fig. 4-8. A diagram to illustrate the way in which the 1 mm 
thick wood samples were removed from along the 
radius of each stem disc studied. S cra pings 
of macerated wood were prepared from the outside 
of each slice. 
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4.5.3 RESULTS 
The ve~~el member lengths for each millimetre of wood 
from the stem centre to the cambium for three of the discs, 
trees AI, A2, and A4 (all at the 2-foot level) are presented 
in Fig. 4-9 (a )-(c). The positions of the growth ring 
boundaries to the nearest millimetre are also indicated. 
Except where indicated, the Kolmogorov-Smirnov stastic d 
max for each sample is below 0.316, the critical value for 
samples where n=25. It is, therefore, assumed that there is 
no evidence to suggest anything other than a normal distribution 
within most samples. The 95% confidence limits (mean r 2 
standard errors) are indicated by bar marks. The results for 
six of the other seven discs are not graphed, but they showed 
essentially the same pattern. 
The results of these measurements indicate that there is 
no significant change in vessel member length with radial 
distance from the stem centre in tiQheria angustifolla. The 
absence of any trend in vessel member length upwards or 
downwards with radial distance from the stem centre, is con-
firmed by the fact that the 95 percent confidence limits of 
the slope of the regression equations fmr each sample lie on 
either 3ide of zero (Table 4-1). 
The tenth disc examined showed an eccentricity due to 
the presence of tension wood on one side of the stem. The 
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vessel member lengths for each mm of wood on either side of the 
stem are presented in Fig. 4-9d. The confidence limits for 
the slope of the regression equation for vessel member length 
in this sample indicates a slight decrease in length with 
radial distance from the stem centre in the tension wood 
(Table 4-1). 
It is evident from Fig. 4-9 that there is a tendency for 
the late wood vessel members to be slightly longer than the 
early wood cells in many of the growth rings, but in most cases 
the 95% confidence limits overlap. Mean vessel member lengths 
from the first and last mm samples in each growth ring are 
tabulated in the last two columns of Table 4-1. Without 
exception these means indicate that the late wood vessel members 
are very slightly longer than those found in the early wood. 
The lengths and widths of the vessel members from rings 
6 - 9 inclusive in tree Al (2 foot level) show a negative 
correlation significant to the 99% level (Table 4-2A). An 
analysis of the angle of the end walls of these cells indicates 
that the wider, shorter cells tend to have nearly transverse 
perforation plates at both ends, but the narrower vessel 
members have one or both end walls at an angle and are probably 
slightly longer as a consequence (Table 4-2B). The slight 
changes in mean vessel member length within the growth rings 
indicated by Fig. 4-9 and Table 4-1, therefore, do not result 
from changes that have occurred in the length of the fusiform 
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On the following pages: 
Fig. 4-9. The relation of mean vessel member length to radial 
distance from the stem centre in four discs of 
Hobjria angustifolia examined. (a) tree AI, 2 foot, 
(b) tree A2, 2 foot, (c) tree A4, 2 foot t (d) reaction 
wood disc. The bar marks indicate the 95% confidence 
limits of the mean (± 2 standard errors). Occasional 
figures along the x - axis indicate the number of 
vessel members where fewer than 25 were measured. 
The Kolmogorov-Smirnov statistic d max indicated 
a non - normal distribution for the sample marked 
with an asterisk. The position of the growth 
ring boundaries to the nearest millimetre are 
indicated by the heavy lines and the rings numbered. 
The letter C marks the position of the cambium. 
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A. Number of vessel Mean S.E. 
members measured length 
Mean 
width 
(pm) 
S.E. Correlation 
coefficient 
(pm) 
450 266.5 1. 4 54.7 1.1 -0.186** 
Regression equation: Length = 454 - 3.4 width 
B. 
Both end 
Mean S . E. 
length 
(pm) 
Mean S.E. 
width 
(pm) 
walls transverse 251.9 2.1 62.3 1.6 
One end 
wa 11 oblique 
Both end 
walls oblique 
Table 4-2. 
289.4 4.0 46.3 3.6 
296.1 1.9 42.9 1.6 
A. The length to width relationship of the vessel 
members from the rings 6-9 inclusive of tree Al (2 
foot level). 
B. The relationship of vessel member length and 
width to the angle of the end wall. 
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cambial initials with season but result from a tendency for 
the late wood derivatives of the cambium to differentiate into 
narrower vessel members with more oblique end walls than those 
of the early wood. 
4.6.1 THE RELATIONSHIP OF FUSIFORM CAMBIAL INITIAL 
LENGTH TO VESSEL MEMBER LENGTH 
There are few published results on the relation in size 
between the fusiform cambial cells and their derived elements. 
Bailey (1920), from a comparative study of the size variation 
of fusiform cambial initials and their derivatives in GiD~go 
and the Coniferae, concluded that the lengths of the tracheids 
of the last formed xylem closely resembled the lengths of the 
fusiform initials from which they were derived, but were 
slightly longer. This relationship has been generally thought 
to apply to most conifers and a great number of studies on the 
changes in cell length in the conifer cambium have now been 
based on this assumption. In dicotyledons, Bailey found that 
the initials were much shorter than the fibres but were 
approximately the same length as the vessel members. Chattaway 
(1936) found that the fibres in dicotyledonous woods can be 1.1 
to 9.5 times lomger than the cambial initials, though elongation 
to several times the initial length only occurs when the init-
ials are very short. 
As most of our present information on developmental and 
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size changes occurring in the vascular cambium of plants has 
been obtained from investigations on the secondary xylem, and 
not from direct examinations of the cambium itself, it is 
surprising that more attempts have not been made to establish 
the size relationship between fusiform initials and their 
derivatives. 
4.6.2 METHOD 
Twenty-five samples including wood and bark from 8 trees 
Al-S, II, 2 and 4 were examined. The trees and heights from 
which the samples were removed are listed in Table 4-3. Serial 
tangential longitudinal sections of the cambium were cut from 
each (wood) sample by the standard paraffin technique. Twenty-
five fusiform initials selected at random were measured from 
each sample. Small cubes of wood from behind the cambium 
were isolated and macerations prepared from the outside face 
of each block. Every effort was made to ensure that these 
preparations included fully differentiated vessel members 
from wood as close to the cambium as possible. Twenty-five 
cells were measured in each of these macerations. 
4.6.3 RESULTS 
The mean lengths of the fusiform cambial initials and 
vessel members and their standard deviations, the confidence 
limits at the 95 per cent level, and the Kolmogorov-Smirnov 
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statistic d max for each sample are presented in Table 4-3. 
In all 50 samples the d max values were below 0.316, the 
critical value for samples of 25. There is, therefore, no 
evidence to suggest anything other than normal distrtbution. 
A number of samples were also frequency checked on probability 
graph paper where straight line graphs confirmed normal 
distributions in each case. Transformation of the data was 
therefore considered unnessary. 
The t - values for the comparisons between the pairs of 
means are also shown in Table 4-3. In only four of the 
twenty-five pairs of samples are significant differences 
between the mean fusiform initial length and the corresponding 
mean vessel member length detected: samples 11 (tree A3, 8 feet', 
13 (tree A4, 2 feet), 15 (tree A4. 8 feet) and 24 (tree 12, 
5 feet). When all twenty-five pairs of samples are compared 
the product-moment correlation coefficient is significant to 
the 99% level, indicating a real and positive correlation 
between the pairs of samples (Table 4-4). A better correlation, 
significant to the 99.9% level is obtained when samples 11, 13, 
15 and 24 are ignored. The correlation is graphed in Fig. 
4-10 showing the principal axis and the 99% confidence ellipse 
for the grand mean. 
A positive relationship between fusiform cambial initial 
length and the length of the vessel members derived from them 
is therefore established, the vessel members having a similar 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1i! 
18 
19 
2) 
21 
22 
2, 
24 
25 
Ai 
A1 
Ai 
A1 
A2 
A2 
A2 
A2 
A3 
A3 
A3 
A3 
A4 
A4 
A4 
A4 
A5 
A5 
A5 
A5 
A5 
11 
12 
12 
14 
Height 
2 
5 
6 
11 
2 
5 
6 
11 
2 
5 
6 
11 
2 
; 
8 
11 
2 
5 
8 
11 
14 
2 
2 
5 
2 
263.6 5.1 
268.6 5.4 
252.6 7.7 
232.6 7.2 
266. f) 3.2 
273.5 6.1 
272.3 5.4 
259.5 6.9 
269.3 4.7 
254.9 4.0 
251.2 3.2 
252.0 2.8 
268.2 5.8 
280.2 6.9 
263.2 4.9 
265.0 6.4 
313.3 6.4 
277.1 6.9 
270.4 6.3 
252.7 8.8 
256.8 8.1 
209.3 3.5 
288.7 6.0 
269.4 5.1 
280.1 5.7 
Confidence Limits 
(95 per eent) 
253.4 - 273.8 
257.8 - 279.4 
237.2 - 268.0 
218.2 - 247.0 
200.2 - 293.0 
261.3 - 285.7 
261.5 - 283.1 
245.7 - 273.3 
259.9 - 27A.7 
246.9 - 262.9 
244.8 - 257.6 
246. 4 - 257.6 
256.6 - m.8 
266.4 - 294.0 
253.4 - 273.0 
252.2 - 277.8 
}OO.5 - 326.1 
263.3 - 290.9 
257.8 - 283.0 
235.1 - 270.3 
24,"').6 - 273.0 
263.2 - 276.3 
276.7 - 300.7 
259.2- 279.6 
268.7 - 291.5 
Table.-3 Correlation of mean fusifor~ initial length (if) with 
mean vessel member lenE:;t/1 (Y ) from the lRst formerl 
xylem and their standard err~rs (S.E.F. and ~.F.V.) 
confidence limits and the kolmogorov-smirno'f statist.ic 
Dme.x resulting from a comparison of the obsarve1 sample 
_ith a normal distribution based on the saIDvle mean and 
variance. The value of t for a comparison of the means 
is shown in the lS5t column. (For 48 degrees of freedom 
the critioal v~lues of tare to.OS = 2.01, to.01 = 2.68, 
to.OO1 = 3.1.9) 
KSD Xv S.E.V. 
max 
0.12 246.3 6.2 
0.11 283.2 5.2 
0.12 267.8 4.6 
0.10 237.2 4.2 
0.08 277.1 3.8 
0.10 259.1 7.1 
0.06 270.9 3.4 
0.12 270.3 4.6 
0.09 281.2 4.3 
0.08 261.3 4.7 
0.14 269.2 3.2 
0.14 266.7 3.6 
0.10 298.1 5.2 
0.10 283.9 4.9 
0.06 310.2 6.2 
0.09 270.2 6.0 
0.11 292.8 5.5 
0.09 281.6 4.1 
0.13 270.3 3.8 
0.10 277.3 5.4 
0.13 260.0 4.5 
0.06 274.7 3.9 
0.09 283.9 4.1 
0.12 250.5 4.2 
0.16 282.1 4.8 
Confidence Limits 
(95 per cent) 
233.9 - 25'S. 7 
272.8 - <.93.6 
258.5 - 277.0 
228.8 - 245.6 
269.::; - 284.7 
244.9 - 273.3 
264.1 - 277.7 
261.1 - 279.5 
272.6 - 289.8 
251 .9 - 270.7 
262.6 - 275.6 
259.5 - 273.9 
287.7 - 308.5 
274.1 - 29~. 7 
297.6 - 322.6 
25B.2 - 282.2 
281.8 - 303.8 
273.4 - 289.8 
262.7 - 277.9 
2(;6.5 - 288.1 
251.0 - 269.0 
266.9 - 282.5 
275.7 - 292.1 
242.1 - 258.9 
272.5 - 291.7 
0.12 
0.10 
0.16 
0.17 
0.13 
0.18 
0.17 
0.08 
0.14 
0.11 
0.16 
0.09 
0.11 
0.12 
0.10 
0.11 
0.13 
0.12 
0.12 
0.10 
0.12 
0.11 
0.11 
0.14 
0,15 
2.00 
1.96 
1.68 
0.53 
1.27 
1.54 
0.21 
1.29 
1.85 
2.03 
,.83 ... 
0.91~ 
5.92 ••• 
1.45 
1.92 
0.56 
0.01 
1.77 
0.73 
1.37 
0.65 
2.65 • 
0.25 
I-
W 
CO 
-n Yf 
25 268.9 
21 269.9 
Table 4-4 
-SEf Yv SEv Correlation Equation of 
coefficient princi pa 1 a xi s 
3.4 272.6 3.3 0.496** Yf = -20.5 + 1.06 Yv 
3.8 269.9 3.0 0.673*** Yf = -98.9 + 1.36 Yv 
The means of the mean lengths for fusiform 
cambial initials and vessel members and their 
standard errors, the product-moment correlation 
coefficients and the equations of the principal 
axes for all twenty-five pairs of samples and for 
twenty-one pairs of samples (samples II, 13, 
15 and 24 omitted). 
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Fig. 4-10. The relationship between the mean lengths of the 
fusiform cambial initials (Yf ) and the vessel 
elememts from the last formed xylem {Y }. The 
v 
straight line indicates the principal axis and 
the ellipse the 99% confidence level for the 
grand means for all 25 samples. 
length to the fusiform initials. 
4.7.1. VARIATIOO IN FUSIFOOM CAMBIAL INITIAL LENGTH 
WITH HEIGHT IN THE TREE. 
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In many plants with non-storeyed cambia, there is a 
gradient in tracheid and fibre length along the axis of the 
tree. When the pattern of cell length has been followed 
upwards in the same growth ring, the average length has bep,n 
found to increase from the base upwards to reach a maximum and 
then to decrease gradually towards the top of the stem (Sanio, 
1872; Dinwoodie, 1961,1963). The point of maximum cell 
length OCCUFS at approximately one third of the tree height 
and therefore occurs ar progressively higher levels in 
successive annual rings. 
While this pattern of variation with height in the tree 
is well known for fibres and tracheids, there have been few 
studies on vessel members. Hejnowicz and Hejnowicz (1958) 
have recorded an increase followed by a decrease in vessel 
member length with height in the tree in populUi t,emula, as 
has Rao (1962) for vessel members in ~ pseudoplatanus, 
Quercus rggUita and Rgbioia pseudoa,scia. 
these three trees has a storeyed cambium. 
The last named of 
The study of vessel 
member length in Rgbinia pseudga ,9 cia by Hejnowicz and Hejoowicz 
(1959) did not reveal sufficient information for this trend 
to be confirmed. 
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4.7.2 METHOD 
Small cubes including wood and bark were removed from the 
outside of the stem discs taken from the trees Al-5, 11-4, 
and Jl-5. These discs had been cut at 3 foot intervals from 
the trunks of each tree. Similar samples were removed at 1 
inch intervals from tree 15. Serial tangential longitudinal 
sections were prepared from each sample using the standard 
paraffin technique. 
Sections containing predominantly cambial cells were 
selected for measurement and the lengths and widths of 50 
randomly selected fusiform cambial initials were measured 
using an overhead projection system. These measurements were 
transferred to computer cards and the basic statistics 
comput ed. 
4.7.3 RESULTS 
Figure 4-11 presents means and their 95% confidence 
limits for fusiform initial length at selected heights for 
trees Al-5 and 11-5. Due to the small diameter of the Jl-5 
stem discs, tangential longitudinal sections cut from them cont-
ained insufficient areas of cambium for 50 fusiform initials to 
be measured by the technique used in the study. The means 
for fusiform initial length for each inch of tree 15 from 
ground level to 11ft 8ins are presented in Fig. 4-12. 
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On the following page: 
Fig. 4-11. Changes in mean fusiform cambial initial length 
with height in the tree for (a) 5 adult trees and 
(b) 5 intermediate trees. The bar marks indicate 
the 95% confidence limits of the mean (± 2 standard 
errors). Where the number of fusiform initials 
measured was less than 50, this is indicated 
near the top of each bar. The radius of the 
stem within the cambium and the number of growth 
rings in the secondary xylem are also indicated 
for each sample. 
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Fig. 4-12. Changes in the mean fusiform cambial initial 
length with height in the tree for tree 15. 
l~ 
The bar marks indicate the 95% confidence limits 
of the mean (! 2 standard errors). The 
approximate limits of each seasons height 
growth are also indicated. 
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Although no trend in fusiform initial length with height 
in the trees is evident from most of the sequences illustrated 
in Fig. 4-11 and 4-12, the means for each height of the 10 trees 
A1-5 and 11-5 indicate a slight downwards trend with height 
when the trees are taken collectively (Fig. 4-13). The 
analysis of variance based on trees (Table 4-5A) shows that 
there is no significant difference in the fusiform cambial 
initial lengths among the trees, but there are significant 
differences among the various height samples among the trees. 
Further anaylsis of variance indicates that the among heights 
difference is caused mostly by the linear decrease in cell 
length with increasing height in the tree (Table 4-5B). 
Data on the widths of the fusiform cambial initials are 
presented in Fig. 4-14 and the analysis of variance in Table 4-6. 
In the five larger trees, fusiform initial width increases, 
and then decreases, with increasing height in the tree. This 
pattern is followed for the mean initial width when all the 
10 trees are taken collectively (Fig. 4-15). As the radial 
distance of the cambium from the stem centre decreases with 
increasing height in the tree, mean fusiform initial width is 
likely to be related either to this factor (Fig. 4-16) or to 
a related one, the number of growth rings behind the cambium. 
In fact, cell width was found to be more closely related to 
the cambial radius than to the number of growth rings behind 
the cambium. Except at the lower levels of the larger trees, 
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Fig. 4-13. Mean fusiform cambial initial lengths for the 
individual trees plotted against height in the 
tree. The mean for the trees at each height 
(indicated by an x offset slightly to the right 
in each case), and the line of the regression 
equation are also indicated. 
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ANAYLSES OF VARIANCE 
Degrees Mean Variance Percent va riance 
of freedom squa res ratio components 
Among trees 9 14760 1. 70n~ 3.3 
Among heights 
and trees 27 8542 10.18*** 15.5 
Within samples 1751 839 81.2 
Among heights-
linea r components 1 2153 41.40** 
Among heights-
rema inder 3 53 0.39ns 
Within heights 32 132 
Table 4-5. Analyses of variance for fusiform cambial initial 
length based on A, trees and B, heights. There is 
no significant cell length difference among different 
trees, but there is a highly significant difference 
in cell length among heights among the trees. When 
based on the individual heights, this significant 
difference is caused mostly by the linear decrease 
in cell length with height in the tree. 
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Fig. 4-14. Mean tangential width of fusiform cambial initials 
at selected heights in the tree in (a) 5 adult 
trees and (b) 5 intermediate trees and their 95% 
confidence limits. Figures for cambial radius 
and the number of growth rings behind the cambium 
are the same as in figure 4-11. 
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ANALYSIS OF VARIANCE 
Degrees Mean Variance Percent 
of freedom squares ratio variance 
components 
Among trees 9 54.9 1.27ns 1.5 
Among heights 
and trees 24 43.1 11.42*** 17.0 
Within samples 1666 3.7 81.5 
Table 4-6. Analysis of variance for fusiform cambial initial 
width based on trees. There is no significant 
difference in widths among trees but there is a 
highly significant difference in cell width among 
heights among the trees. 
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Fig. 4-15. Mean fusiform cambial initial widths for the 
individual trees plotted against tree height. 
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Fig. 4-16. Mean fusiform cambial initial width plotted 
against cambial radius for the ten trees. 
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fusiform initial width would appear to be related to the 
cambia 1 ra dius . 
4.8 DISCUSSION 
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This investigation has shown that there is no change in 
the length of the fusiform cambial initials with radial growth 
in Hoheria angust~folia. The minor fluctuations that occur 
in the length of vessel members within the growth rings are 
caused by minor changes in the angles of the end walls of these 
cells. This is a significant result because it indicates 
that the mean length of a population of fusiform cambial 
initials, in this species, can remain unchanged from the onset 
of secondary growth and probably reflects the length of the 
procambial cells. Such a relationship is not possible in 
plants with a non-storeyed cambium where circumferential 
expansion of the cambium is brought about by pseudotransverse 
anticlinal divisions of the fusiform initials, followed by 
intrusive growth of the daughter cells, and the preferential 
loss of some of these. Even in a wood possessing a storeyed 
cambium, slight increases or decreases in mean fusiform initial 
length with radial growth can result from the preferential loss 
of the shorter or longer fusiform initials or the conversion 
of these into new ray initials. A slight decrease in the 
length of parenchyma cells in Aesgh~nomene hispida~another 
plant with a storeyed cambium, has been recorded in Section 3 
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of this thesis. In this species f however, occasional 
transverse divisions of the fusiform initials were responsible 
for the decrease in cell length with secondary growth. 
Unfortunately, because of the large amount of cell readjustment 
that occurs with differentiation in Hoheria aogustifolia, it 
was not possible to detect whether any such transverse divisions 
had occured in the fusiform initials of this species. 
A positive relationship between fusiform cambial initial 
length and the length of vessel members in the wood behind the 
cambium has also been established for Hoheria angujtifQlia. 
This confirms the general relationship between the length of 
these cell types proposed by Bailey (1920). The lengths of 
the vessel members and fusiform cambial initials are similar, 
indicating that no transverse divisions occur in the xylem 
mother cells prior to the differentiation of the vessel 
members. Some rearrangement of the end walls must occur as 
the fusiform initials have pointed hexagonal tips (Fig. 2-21), 
aod the mature vessel members have slightly oblique to trans-
verse end walls. The extent of this rearrangement would 
appear to vary between the early wood and late wood cells 
within each growth ring. As a general trend, the early wood 
vessel members are slightly wider and shorter than the late 
wood vessel members and have transverse end walls, while the 
latter have oblique end walls. It must be pointed out that 
the position of the growth ring boundaries in Fig. 4-9 are to 
the nearest millimetre so that some experimental error is 
involved in the summation of cell dimensions from the first 
and last millimetre samples from each growth ring. 
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Since the wood collections were all made on the same day, 
(18th February, 1965), the slight within ring variations in 
vessel member length are not responsible for the poor correla-
tion in four of the twenty-five pairs of samples where vessel 
member and fusiform initials lengths were compared. It is 
obvious from the measurements of fusiform initial lengths 
with height in the tree (Figs. 4-11 and 4-12), that some quite 
considerable variations in length occur with position in the 
tree. It is of considerahle importance, therefor~that 
samples of vessel members and cambial initials in this species 
come from exactly adjacent positions in the stem. 
The within ring variations in the dimensions of the 
vessel members are in themselves interesting though their 
measurement was not intended to be a major part of this study. 
The variation in tracheid and vessel member length within the 
growth ring of most woods is generally attributed to seasonal 
differences in the frequency of pseudotransverse divisions in 
the cambium (Bannan, 1950), differing rates of elongation of 
the new daughter initials and varying proportions of cell loss. 
The extent of the elongation of the derivative cells after 
they have been cut off from the cambium is, therefore/difficult 
to assess in different parts of the growth ring. It must be 
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assumed, however, that no such cyclic changes in length occur 
in the fusiform initials of a storeyed cambium such as Hoheri~ 
angustifolia. Any pseudotransverse division late in the season 
would be perpetuated throughout subsequent radial growth, 
lowering the mean fu~iform initial length. As this does not 
happen, the slight within ring fluctuations in vessel member 
length must be attributed to adjustments to the end walls 
during differentiation. 
A decrease in the mean length of the fusiform cambial 
initials with height in the tree occurs in Hoheria angustifolia) 
a I though considera ble fluctuations in cell length a re apparent 
in individual trees. This pattern differs from that estab-
lished for most trees with non-storeyed cambia where cell 
length increases and then decreases with increasing height in 
the tree. In these species at least part of the decrease in 
cell length up the tree must be attributed to the decreasing 
cambial radius, since this is a factor governing the length 
of the fusiform initials at anyone height (Hejnowicz and 
Hejnowicz, 1958). Since fusiform initial length is not 
dependent on the radial distance of the cambium from the stem 
cen~re in Hoheria a~gustifolia, it implies that the decrease in 
fusiform initial length up the tree occurs with the ageing of 
the leading shoot. Such a result is not unexpected as it 
confirms the views of Dinwoodie (1963) and others, that the 
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activity of the terminal meristem could influence the length 
of the fusiform initials in the cambium and therefore the 
length of their derivatives throughout the tree. 
The pattern of the fusiform initial length within the 
internodes of a stem has never been adequately investigated. 
Bailey and Tupper (191S) noted that tracheids tended to be 
shorter at nodes and other regions where growth adjustments 
occur. It is possible that internodal variation in the length 
of the procambial initials in Hoheria angustifolia, perpet-
uated in the cambium even after radial growth, may be the cause 
of the considerable differences in the cell length sequences in 
the individual trees studied (Fig. 4-11). Although no obvious 
patt ern emer'Jes f rom the cell length mea surements made at every 
inch on tree 15 (Fig. 4-12), a summation of the mean fusiform 
initial lengths from near the base, the middle and the top of -
each year's height growth (Fig. 4-17), tendsto indicate that 
longer fusiform initials are laid down during the "height" of 
the year's growth than later in the season. As with the 
within-ring summation of mean lengths, difficulty in deter-
mining the exact resting point of the apex each winter on 
ring counts alone may well account for the inconsistency of 
some of the results. The relation of these inch sample points 
to the internodes is also unknown. 
The mean width of the fusiform initials in Hob~r1a 
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aoqustifolia increases and then decrease with increasing height 
in the tree. Since stems taper with increasing height, 
fusiform initial width would appear to be governed by the 
radial distance of the cambium from the stem centre. A 
similar result has been recorded for Aeschyoomene hispida, 
but in this case cambial derivatives were used to determine 
cell widths from a single stem disc. The circumferential 
expansion that accompanies radial growth would appear to be 
met in a storeyed wood by an increase in the tangential widths 
of the fusiform initials, as well as by anticlinal divisions 
in the radial longitudinal plane. The variation in the mean 
fusiform initial widths in Hoheria angustifolia stems greater 
than 25 moo radius remains unexplained. 
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SECTI~ FIVE 
THE VASCULAR CAMBIUM AND CELL SIZE 
IN THE SECONDARY XYLEM - GENERAL CONCLUSI~S 
5.1 
The lateral meristem known as the vascular cambium is 
the source of the greater bulk of plant material, and the 
tissues it produces are among the most complex found in plants. 
It is from the cambium that wood tsecondary xylem) is derived. 
For over a century now, scientists have attempted to relate 
the structure and arrangement of the cells in the secondary 
xylem to the development and activity of the vascular cambium. 
Froba bl Y beca use of the importa nce of cell length a san 
index of the physical and paper making qualities of timber, 
an unusually extensive literature has accumulated on the 
variation in size of the xylem cambial derivatives. A 
number of investigations have also been made on the develop-
ment, action and control of the vascular cambium and some 
reports have attempted to relate these activities to the cell 
length variation patterns within secondary xylem of certain 
trees. Because of their economic importance, interest has 
been centred mainly on the gymnosperms and those dicotyledonous 
trees whose timbers are regarded as usable. This has meant that 
the majority of studies on the vascular cambium and its 
derivatives have been made on plants with the non-storeyed 
type of cambium. 
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By compirison the storeyed cambium has been somewhat 
neglected. It is hoped that the observations recorded in 
this thesis will fill some of the gaps in our present under-
standing on the activities of this meristem and its influence 
on the size of certain xylem derivatives. 
The association of storeyed cambia in woods with other 
highly specialized features has led to the conclusion that 
storeyed structure is an advanced Gharacter. Storeyed cambia 
occur in many systematically widely different dicotyledonous 
families, sometimes in all the members of a family and sometimes 
only in a few. This irregular taxonomic distribution has led 
to the belief that this character has arisen independently in 
many lines (Philipson ~ Al., 1971). 
The observations on the ontogeny of the storeyed cambium 
in Hoberi. angustifQl~a (Section 2) have revealed some 
interesting differences between the early development of the 
cambium in this species and those already investigated by 
other anatomists. The study has also confirmed the present 
author's belief that the procambium and cambium are best 
regarded as different stages of the same lateral meristem. 
Perhaps the most useful observation, however, is that the 
interfascicular sectors in Hob~ria angystifolia are converted 
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to systems of primordial ray initials at a very early stage of 
development so that a complete cylinder of cambium exists long 
before internodal elongation has ceased. This meristematic 
cylinder remains non-storeyed until elongation nas ceased. 
The development of the storeyed pattern is therefore a 
consequence of radial growth in the absence of internodal 
elongation. If the meristem had any tendency to storeyedness 
as a result of radial longitudinal anticlinal division in the 
procambial cells, it would be lost as a result of the transverse 
divisions necessary to maintain optimum cell length in the 
elongating internodes. 
The development of the storeyed pattern with radial 
growth has been described for Aes,hynomene hispida (Section 3). 
It would have been interesting to have followed this process in 
Hoherig angustifolia but the nature of the secondary xylem in 
this species is such that the division pattern of the cambium 
cannot be traced in the cambial derivatives. It is clear that 
with the evolution of the radial longitudinal division/the 
cambium has also acquired the ability to balance the frequency 
of ~nticlin~l division exactly with needs of the eXpinding 
cambial circumference. 
Finally the lengths and widths of the fusiform cambial 
initials in Hoher~9 anQustifolis have been examined with 
reference to pOSition in the tree and their relation to the 
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lengths and widths of the vessel members in the secondary 
xylem (Section 4). The absence of cell elongation after 
anticlinal division in the fusiform cambial initials of this 
plant has the effect of eliminating one of the causes of the 
cell length variation patterns that are found in plants with 
non-storeyed cambia. The recorded result of a decrease in 
cell length with increasing height in the tree is therefore 
of particular interest since it reflects a decrease in the 
size of the primordial fusiform initials produced by the apex 
as the tip of the leading shoot ages. The apparent differ-
ences in fusiform cambial initial length between sampling points 
in anyone tree and the variation in ves3el member length with 
position in the growth ring, emphasize the importance of 
adequate sampling methods and the value of full statistical 
treatments of the data in any cell dimensions project. It 
is likely that some of the results recorded by other anatomists 
on cell length patterns within the tree could be regarded as 
suspect on these grounds. This may in part explain the 
apparent differences in the cells size sequences reported by 
various workers in this field. 
This thesis adds but a little to our knowledge of the cell 
size variation patterns in trees. Written by a botanist with 
an interest in the anatomy of plants rather than by a timber 
technologist, the thesis is intended to present some new 
information on the activities of the vascular cambium and the 
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influence that these activities have on the size of the axial 
elements in the secondary xylem in certain species. If 
nothing else, it has added considerably to the author's under-
st~nding of the complexity of the processess that accompany 
radial growth in woody plants. 
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PRTN'l'ED IN INDIA 
A THEORY ON THE CAUSES OF SIZE VARIATION IN 
WOOD ELEMENTS 
W. R. PHTLIPSO~ & B. G. BUTTERFIEl.D 
Botany Department, University of Canterbury, Christchurch, New Zealand 
General patterns of variation in the 
size of wood elements in the trees of both 
softwoods and hardwoods have long been 
recognized (Sanio, 1872; Spurr & Hyva-
rinen, 1954; Dinwoodie, 1961) but no 
explanation of them has been proposed. 
We believe that these pattErns result 
from a few principles underlying the 
development of the cambium. The rela-
tionships have been neglected because 
more attention has been given to varia-
tion displayed by the cambial derivatives, 
in particular the xylem elements, than 
by the cambial initials themselves. In 
the cambial derivatives the variation 
patterns are complicated by the intro-
duction of modifying factors. These take 
effect during the elongation of elements, 
particularly hardwood fibres, during diffe-
rentiation. Consideration is given here 
only to variation imposed on the xylem 
elements by reason of variation in the 
size of the initials from which they have 
been derived. Such variation is pre-
served approximately unchanged in the 
tracheids of softwoods and the vessel 
elements of hardwoods (Bailey, 1920). 
T\yo major patterns of variation occur, 
each with its own underlying causes. 
They may be thought of as (a) horizontal, 
or occurring across the growth rings from 
the primary xylem outwards; and (b) 
vertical, or occurring up the tree within 
any given growth ring. These two aspects 
of variation within a tree 'will now be 
considered separately. 
Horizontal Variation 
The average length of a population of 
cambial initials does not normally remain 
constant: as the population moves out-
wards with increasing girth of the stem, 
average length is usually found to increase 
over the first few centimeters. After 
this early steady increase in average 
length the behaviour is less regular. The 
average length may remain virtually 
constant over a long period, it may gra-
dually increase or decline or it may fluc-
tuate. The general pattern of horizontal 
variation is represented in Fig. 1 (curve A). 
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FI~. 1 - Curve A. Generalized pattern of 
increase in cell length with radial distance from 
the stem centre common to most woody plants 
with non-storeyed camhia. Curve B. Decrease 
in percentage of the total cells of the cambial 
cylinder which must divide anticlinallv for 
e~ery centimeter of radial growth (average cell 
size remaining constant). 
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The factor which 'permits' this varia-
tion is the method of anticlinal cell 
division found in most dicotyledons and 
all gymnosperms, namely the pseudo-
transverse division and the subsequent 
recovery of size of the cells by intrusive 
growth. That this is so becomes apparent 
when a comparison is made with a sto-
reyed cambium, in which anticlinal divi-
sions are radial-longitudinal with little 
or no subsequent increment in length. 
In trees with this type of cambium, hori-
zontal variation of vessels is lacking 
(Bailey, 1923). While pseudo-transverse 
division allows variation to appear, the 
occurrence and extent of this variation 
is dependent on changes in the balance 
between several factors. It is because 
the balance of these factors changes in 
a regular way as growth of the tree pro-
gresses, that the variation follows the 
particular pattern of variation shown 
in Fig. lA, which is so general in trees. 
These factors are: (a) the frequency of the 
pseudo-transverse divisions; (b) the rela-
tive size of the parent and daughter 
cells; and (c) the preferential loss of short 
initials (by no means all initials survive, 
and it is usually the shorter which are 
lost; Bannan & Bayly, 1956). 
The new cell'i produced by the pseudo-
transverse divisions provide for the in-
crease in circumference of the cambium 
as the girth of the trunk increases. Over 
the first few centimeters of radial growth 
the perimeter of the stem is increasing 
very rapidly and a much higher rate of 
anticlinal division is required to provide 
new initials for the cambium than is re-
quired later in radial growth. Consider 
a hypothetical case where the cambium 
is though t of as a cylinder of ever in-
creasing diameter. Since the circum-
ference of this cambium is always pro-
portional to its radius (C= 21tr), for a one 
cen timeter increment of radial growth 
occurring from one to two centimeters 
radius, the cylinder will have doubled 
its circumference, i.e. during this one 
centimeter of radial growth every fusi~ 
form initial of the cambium will have on 
the average divided anticlinally at least 
once. This is assuming that the daughter 
initials elongate to the length of the 
parent initial and retain the same tan-
gential dimension. However, further out 
at say twenty centimeters from the stem 
centre, for an equal increment of radial 
growth, the circumference will increase 
by only one-twentieth, i.e. during this 
one centimeter of growth from 20 to 
21 centimeters radius only one cell 
in every twenty will need- to divide 
anticlinally. The .. required rate " of 
anticlinal division per centimeter of radial 
gro\vth which is necessary to maintain 
the cambium is illustrated graphically 
in Fig. I (curve B). . 
It is evident, therefore, that a lower 
frequency of anticlinal division in the 
cells of the cambial cylinder is required 
when it has attained a greater diameter 
than during its early growth. In fact, 
over the outer portion of radial stem 
growth the rate of anticlinal division is 
higher than is required to supply the needs 
of the expanding cambium and a high 
loss of initials occurs. Over the first few 
centimeters distance from the stem centre, 
although the rate of anticlinal division 
is relatively high (Bannan, 1950) and the 
loss of initials somewhat lower than 
further out, the resultant effective supply 
of new fusiform initials does not alone 
supply the needs of the Lpidly expanding 
perimeter of the cambium. During this 
period, the .. deficiency" of initials is 
compensated for by an increase in the 
dimensions of the daughter initials beyond 
those of their parents. While some 
increase in the tangential dimension of 
initials occurs, this is of less importance 
than their elongation well beyond the 
length of the former initials. That is 
to say, a steady increase in cell length 
occurs outwards during the early growth 
of a stem. This increase in length makes 
an important contribution to the circum-
ferential increase of the cambium (Bailey, 
1923), because the number of cells at 
any level becomes increased by intrusion 
of adjacent cells. These considerations 
explain the nature of the curve shown in 
Fig. lA whichis typical of most trees with 
a non-storeyed cambium. 
The high- relative increase in circum-
ference in an axis with a small diameter 
is suggested as the cause of the initial 
elongation typical of a cambium which 
increases by pseudotransverse division. 
PANCHANAN MAHESHWARI 
1967 J PHILIPSON & BUTTERFIELD·- SIZE VARIATION IN WOOD ELEMENTS 157 
The diameter of the cambium, at the time 
primary growth ceases and secondary 
activity begins, will have a direct bear-
ing on the subsequent amount of elonga-
tion of its cells and consequently on the 
amount of core wood developed. 
In concluding this account of horizontal 
variation it is necessary to add that the 
basic pattern may be modified. For 
example, most woods show seasonal 
fluctuations in the dimensions of their 
elements, but these do not affect the 
overall trend in the average over a num-
ber of years .. Also, it is found that the 
average length of clements decreases 
when a tree is growing in the girth rapidly. 
These fluctuations are due to shifts in 
the balance between the three factors 
considered above. Since they are here 
regarded as secondary modifications of 
the basic pattern, they will not be con-
sidered further. 
Vertical Variation . 
In attempting to understand the causes 
underlying the variation in element size 
throughout the length of a trunk, it is 
useful first to consider a hypothetical 
tree in which the trunk tapers evenly, 
the growth rings being parallel and equal 
in breadth. It might be expected that 
the horizontal variation previously con-
sidered would be repeated at all levels up 
the trunk. I f that were so there would 
be no vertical variation, and the trunk 
would consist of an elongated cone con-
taining a true cylinder of " core" wood. 
" Core" wood is the wood formed in 
stems while the length of the initials is 
increasing. At the top of this hypo-
thetical cone the immature" core" would 
proj ect as the tapering apex of the tree. 
Such a uniform trunk has never been 
reported: the pattern of variation most 
generally found is for the size of elements 
to increase gradually from the base of 
the tree, to reach and maintain a more 
or less steady state, and then to decline 
again in the upper part of the trunk. To 
understand this pattern it must be recog-
nized that it is made up of two compo-
nents. The first is due to variation in 
the average size of the initials at the time 
they originate at the end of primary 
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growth. The second consists of modi-
fications of the horizontal variation. 
Since these modifications are found to be 
correlated with height from the ground, 
they impart vertical variation patterns on 
the ultimate size of the elements of the 
mature wood of the trunk. These two com-
ponents will be considered separately. 
THE LENGTH OF THE CAMBIAL INI-
TIALS AT THE TIME OF THEIR ORIGIN -
This is found to increase gradually from 
the base of the tree to a more or less 
steady figure, and then declines again. 
This variation is interesting in itself, but 
its chief importance lies in the influence 
it has on the size of subsequent xylem 
elements produced at that level. There 
is evidence that, in non-storeyed woods, 
where the initials are long at their incep-
tion the mature wood contains longer 
elements (Bisset et al., 1951). Instoreyed 
cambia the original initial length is of 
even greater significance as the length 
remains constant throughout the life of 
the tree. In Hoheria very local variations 
due originally to position relative to the 
nodes are continued into the mature 
wood (unpublished information). In non-
storeyed cambia, on the other hand, the 
much more fluid conditions, with an initial 
very rapid increase in length, probably 
obliterates these immature irregulari-
ties and results in a more homogeneous 
mature size distribution, although the 
over-all VErtical variation pattern is 
retained. 
The following hypothesis is presented 
to explain the pattern of variation in the 
length of cambial initials at the time of 
their origin. There is some evidence 
that the original size of the initials is 
correlated with .the rate of height growth 
(Dinwoodie, 1963; Bannan, 1966): The 
pattern of variation in the original size 
of the initials can be explained, therefore, 
by changes in the rate of height growth 
during the development of the tree. The 
slow beginning, followed by a grand 
period of growth and a subsequent decline 
(Husch, 1963) correspond with the ob-
served pattern of fusiform initial length. 
It is frequently reported that the height 
at which maximum length of elements is 
attained increases in successive growth 
rings. If the measurements are related 
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to distance from the pith, rather than 
the number of growth rings, it is found 
that cell length is the same at equal dis-
tances from the pith (Hejnowicz & 
.Hejnowicz, 1958). The apparent delay 
in attaining full length in the former 
example is due to the increase in breadth 
of growth rings as ground-level is ap-
proached, which is very general in trees 
(Husch, 1963). 
This gradual increase in the original 
length of the initials followed by a decline 
is a simplification of the variation patterns 
actually present in trunks. These may 
show fluctuations in average initial size 
with quite minor incrtments in height. 
These modifications of the overall trend 
could be due to fluctuations in the rate 
of height growth, whether seasonal or 
intermittent; to position in the internode; 
or to change in the diameter of the cam-
bium at its initiation. This last factor 
can become signiticant in trees which, like 
Paulownia, have very strong primary 
growth in spring. 
MODIFICATIONS OF HORIZONTAL VARIA-
TION CORRELATED WITH HEIGHT - In 
the account of horizontal variation, it 
was noted that a number of factors, not 
all well understood, can affect the balance 
between the three factors governing 
population size in the cambium at any 
one level in the trunk. This may lead 
to such moditications of curve A as the 
steepness of the initial rise, the mature 
length attained, the radius of the" core", 
and the shape of the later part of the 
curve. These effects may occur in a 
random manner, due to the exigencies 
of the environment. However, in addi-
tion to any random changes, there may 
be characteristic modifications of this 
kind which are common to most trees or 
to a particular class of tree. Unfortu-
nately, published information on these 
effects is fragmentary. To illustrate their 
possible nature the typical canopy tree 
with boughs forming a rounded crown 
will be considered. The trunk of such a 
tree is columnar in form, without taper. 
This is due to the late formed growth 
rings becoming broader in their upper 
part as the crown develops. As rapid 
increase in diameter is known to be 
associa ted with a decrease in the length 
of elements, it is to be expected that 
trees of this kind would display a vertical 
modification of the normal horizontal vari-
ation: the later part of curve A would be 
deprl'ssed in the upper part of the trunk. 
It is also to be expected that the thicker 
basal part of trunks would show curves 
with a falling average length of mature 
elements. In this type of trunk, there-
fore, modification of horizontal variation 
would augment the variation at the top 
and base of the tree attributable to the 
smaller size of the initials. 
It may be concluded that the familiar 
distribution pattern of variation in the 
size of wood-elements within a tree can 
be theoretically explained in tenns of 
factors influencing the development of 
the cambium. Some of the explanations 
submitted here lack a finn evidential 
foundation. To supply this, data relat-
ing to the development of the cambium 
and its derivatives are being sought. 
Summary 
Variations in the size of wood elements 
within most trees conform to a pattern 
which has long been recognized. Some 
features of this pattern are explained in 
terms of factors affecting the develop-
ment of the cambium. The rate of 
increase of the circumference of the 
cambium per unit increase in radius is 
much higher in thin than in thick 
stems: this fact underlies the typical 
increase in element-length near the pith. 
A theory is proposed that variation 
at different heights from the ground is 
due, in part, to different rates of growth 
of the axis at the time the cambial 
initials were formed. 
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Variations 'in the size of 
fusiforrn cambial 
initials 
Most of our pTe~ent information on ch~nges occurring in the vascular cam-
bium of plants has been obtained from investigations made on the secondary 
xylem and secondary phloem. and not from direct examinations of the cam-
bium itself. Since the fusiform initials leave a record of their activities in both 
the secondary xylem and secondary phloem, either tissue can be used to study 
the ~quence of changes in cell size and arrangement in the meristem. For a 
time there was a tendency to use the phloem derivatives for studying changes 
that had occurred in the cambium, the most notable piece of research being 
that by Klinken (1914), who, using the phloem derivatives of Taxus baccata, 
first developed the technique of examining serial tangential sections for study-
ing cell changes in the cambium. One reason for using the phloem in prefer-
ence to the xylem is that the phloem elements change less in size during 
maturation, and hence the tangential sections were thought to give a more 
accurate picture of the probable lengths of the cambial initials at the time 
these cells were formed. However, Esau and Cheadle (1955) have shown that 
divisions, varying in plane from vertical to almost transverse, are common 
within the phloem derivatives of the vascular cambium. The derivatives of a 
division that is nearly transverse will obviously be shorter than the fusiform 
initial from which they are indirectly derived. Since some of these derivatives 
will differentiate into sieve elements which do riot elongate further before 
maturation, the length of the sieve elements may have no relation to the length 
of the fusiform initials. Secondly, as other recent investigators have pointed 
. out, if the sequence of divisions and size changes in the cambium is to be 
followed over any prolonged period of time the secondary xylem must be 
used, since distortion and abscission affect the phloem. Furthermore, since 
divisions are more frequent to the xylem side of the cambium, this tissue gives 
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a more complete picture of events. Bannan (1950) points out that some 
anticlinal divisions in the cambium, especially those followed by the loss of 
certain cells, are not recorded in the phloem. 
Data on changes in the cambium obtained from investigations on the xylem 
and phloem and not on the cambium itself, however, do not give us a 
complete or entirely accurate picture of the activities of this meristem. Al-
though a record of the principal size changes and divisions in the cambium is 
preserved in its derivative tissues, data obtained fr0111 derivative elements of 
necessity are erroneous to the extent of the elongation of the matured ele-
ments. Regrettably few results have been published on the relation in size 
between the cambial cells and their derived elements. Bailey (I 920), from a 
comparative study of the size variations of cambial initials and their deriva-
tives, concluded that in Ginkgo and the Coniferae the length of the tracheids 
of the last-formed xylem closely resembled that of the fusiform initials from 
which they were derived but were slightly longer. He concluded that the 
elongation occurring during differentiation was of the order of 5-10%. In 
dicotyledons he found that the initials were much shorter than the fibres but 
were approximately the same length as the vessel members. Chattaway (1936) 
found that the fibres in dicotyledonous woods were 1-1-9· 5 times longer than 
the cambial initials, though elongation to several times the original length 
occurs only when the initials are very short. 
The assumption that the patterns of variation in lenglh of xylem elements 
reflect the principal size changes in the cambial initials can hold therefore for 
only two cell types. Since conifer tracheids elongate relatively little during 
differentiation, variations in their length may be taken as an approximate 
indication of the size fluctuations in the cambium: Dicotyledonous vessel 
members also change very little in length during differentiation. On the other 
hand, variations in the length of dicotyledon fibres are due in part to intrusive 
growth during differentiation. Studies in plants with storeyed cambia, where 
the fusiform initials remain approximately the same length throughout the 
growing season, have shown that fibres elongate by varying amounts, depend-
ing on their position within the growth ring. Factors such as temperature 
influencing cell-wall plasticity may produce changes in the degree of fibre 
elongation. Hence the patterns of size changes in wood fibres cannot be 
regarded as indicating the size changes that have occurred in the cambium. 
The method of measuring the vessel eL ments is important if these cells are to 
be used as a measure of the length of the fusiform initials at the time they were 
cut off from the cambium. Chalk and Chattaway (1934) concluded that the 
'total member length' as measured from tip to tip of the cell corresponded 
more closely in length with the fusiform initi;.il than did 'mean body length' as 
measured from the centre of the ports and ignoriTlg any tailor extension. 
Philipson and Butterfield (unpublished duta) found in the wood of Hoheria 
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Gngusti/olia Raoul. a plant with a storeyed cambium. tb,t the mean body 
length of the vessel members of the last-formed xylem corresponded more 
closely with the mean storey height of the fusiform initials than did the total 
vessel-member length. Minor fluctuations in the total vessel-member length 
were found to exist within the growth ring, although there are no comparable 
changes in the size of the fusiform initials in a storeyed camuium. These 
fluctuations are due to the broad vessel elements of the e:1rly wood having 
almost transverse end walls compared with the more obiique end walls of the 
narrow elements formed in the late wood. 
Size variations witbin the one tree 
The general pattern of variation in tracheid size within the secondary xylem 
of conifers was established by Sanio (1872) for Pinus sylvl1~tris, and has since 
been observed in many other softwoods and hardwoolb. Til~-:;terature deal-
ing with the variation in size of the xylem elements has been reviewed by 
Spurr and Hy'varrnen (1954) and Dinwoodie (1961), Two major patterns of 
variation occur which may be thought of as: (1) horizontal. or occurring 
across the growth rings from the primary xylem outwards, and.(2}vC1'tical. or 
the pattern occurring up the tree within any given growth ring, These two 
aspects of 'tariation in initial length will be considered separately along with 
the other factors that superimpose minor fluctuations on the bask patterns. 
Changes in the/usi/orm cambial eel/length at anyone level within the tree 
From his observations on' Pinus sylvestris, Sanio concluded that tracheid 
length at anyone level in the tree increased outwards from the pith through a 
number of annual rings until a definite size was reached, which then remained 
constant through {he following rings (Fig. 4.1). While there has since been 
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Fig. 4.1 Graph A 1I!ustrates the generalized pa.ttern of increase :.' ;". . .. :;age length of 
derivatives in passing from the innermost to the outermost secondary ~y;~ ... v;··:ite stem. Graph 
B illustrates this variation within individual growth rings, (e) early wood ar.;:: ::: late wood of 
two adjacent growlh rings. 
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general agreement (Lee and Smith, 1916; Anderson, 1951: Hejnowicz and 
Hejnowicz, 1956) that there is an initial increase in tracheid length over the 
. first growth rings until a maximum is reached, investigations beyond this 
point have been rather contradictory. Some investigators have recorded 
results similar to those of Sanio, while others record a further slight increase 
or even a decrease in mean cell length. Most investigators have observed 
minor fluctuations in the mean cell length in the outer growth rings, but these 
are mainly due to secondary inftuences which will be discussed later. 
Once a group of cambial initials has been laid down at the end of primary 
growth it will move horizontally outwards as the stem grows radially. Radial 
growth is accompanied by' circumferential expansion of the cambium which 
involves an increase in the number of fusiform cells in the cambium (Chapter 
2). This occurs in the non-storeyed cambium by means of a pseudotransverse 
wall being laid down usually near the centre of the dividing cell. The two 
daughter initials so formed then elongate by the intrusive growth of their cell 
tips. The resultant size of the fU!liform initials in the cambium is governed by 
changes in the frequency of pseudotransverse division and the rate and 
.amount of elongation of new initials. 
(a) Frequency ojpseudotmnsverse division. The length of the cambial fusiform 
initials is related in part to r:le frequency of the anticlinal divisions in the 
cambium owing to the semi-transverse nature of these divisions. A high 
frequency of pseudotransverse division naturally tends to depress cell length, 
whereas a low frequency is usually associated with a high mean cell length. 
Although high frequencies of pseudotransverse division in the cambium 
tend to depress cell length, the resultant reduction is not as great as might be 
expected, since high rates of anticlinal division are usually accompanied by 
the loss of initials and more rapid elongation of the surviving daughter 
initials. 
(b) Elongation oj new cambial initials. The rate and amourit' of elongation of 
new fusirorm cambial initials is naturally an important factor governing the 
size of the cells at any particular time. For example. the rate of fusiform ceIl 
elongation following division varies widely according to the time or year. 
Bannan (I 9 51 b) found that in both ChaJnaecrparis and Thllja the rate of 
elongation of sister fusirorm initials was slow du ring the first quarter of the 
year's growth, tending to increase dUL 19 the second and third quarters or the 
year and reacl, :ng a maximum during the last quarter. Evert (19 61), however, 
found in PYrlIS COlli/111m is that most elongation occurred before the cambium 
ha~ resumed activity each year. Local factors often oper:lte to produce irreg-
ularities in the rate of ceIl elongation. For example. after the loss of an initial a 
neighbouring initial may elongate rapidly into it" place. Since this los.> of 
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initials is highest towards the el!d of the year's growth, it no doubt plays an 
important part in the increase in cell elongation during this period. This 
results in a high average cambial cell length towards the end of the growth 
ring. There is considerable variation in the rate and amount of cell elongation 
from cell to cell in the cambium. One fusiform initial may elongate a great 
deal and another only slightly. The presence of obstructing rays may reduce 
the possible elonga>on of new initials. 
(c) PrejereJltialloss oj llell'jusijorm initials. A third factor that plays a part in 
the maintenance of a high mean cell length is the preferential loss of short 
initials after pseudotransverse division. Loss of initials occurs in various ways 
in all parts of the tree (Bannan, 19518). The pitch and length of the anticlinal 
wall at the time of pseudotransverse division fluctuate widely. This can result 
in two long,daughter initials lying almost side by side where the anticlinal 
wall is very oblique. or in the case where the division is almost transverse the 
new cells are comparatively short. Often an uneven division results in the loss 
of the shorter daughter initial. Progressive shortening occurs, resulting in a 
contraction in size of the radial file of derivatives produced by a disappear-
ing initial. After the pseudotransverse division the initial usually undergoes 
sporadic periclinal divisions, progressively shortening, and then ceases divi-
sion altogether. Initials which are lost from the cambium lose their capacity 
for periclinal division and pass off into maturation, becoming malformed 
xylem or phloem elements or undergoing reduction to become ray initials .. 
The continuation of the longest cells and the elimination of the shortest is a 
factor in the maintenance of an efficient cell length (Bannan, 1957b). 
The interplay of these factors, (I) the frequency of the pseudo transverse 
divisions, (if) the amount and rate of elongation of the new cells, and (iiI) the 
preferential loss of the shorter daughter initials, influences the mean cell size 
at dny given distance from the centre of the stem. Over the first few centi-
metres of radial growth the perimeter of the stem is increasing very rapidly, 
and a much higher rate of anticlinal division is required to provide new 
initials for the cambium than is required later in radial growth. Consider a 
hypothetical case where the cambium is thought of as a cylinder of ever-
increasing diameter. Since the circumference of this cambium is always pro-
portional to its radius (C = 2nr). for a lcm increment of radial growth 
occurring from 1 to 2 cm radius, the cylinder will have doubled its circumfer-
ence, i.e. during this 1 cm of radial growth every fusiform initial of the 
cambium will have on the average divided anticlinally at least once. This is 
assuming that the daughter initials elongate to the length of the parent initial 
and retain the same tangential dim~nsion. However. farther out. at, say, 20 
cm from the stem centre. for an equal increment of radial growth. the circum-
ference will increase by only one twentieth. i.e. during this 1 cm of radial 
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growth from 20 to 21 cm radius only one cell in every twenty will need to 
divide anticlinally. The 'required rate' of anticlinal division per centimetre of 
radiai growth which is necessary to maintain the cambium is illustrated 
graphically in Fig. 4.2~ curve B. 
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Fig. 4.2 Curve A illustrates the generalized pattern of increase in cell length with radial 
distance from the stem centre common to most plants with non-storeyed cambia_ Curve B 
illustrates the decrease in the percentage of the cells of the cambial cylinder which must divide 
anticlinally for every increment of radial growth. 
It is evident, therefore, that a lower frequency of anticlinal division in the 
cells of the cambial cylinder is required when it has attained a greater 
diameter than during its early growth. In fact, over the outer portion of radial 
stem growth the rate of anticlinal division is higher than is required to supply 
the needs of the expanding cambium, and a high loss of initials occurs. Over 
the first few centimetres distance from the stem centre, although the rate of 
anticlinal division is relatively high (Bannan, 1950) and the loss of initials 
~omewhat lower than farther out, the resultant effective supply of new fusi-
form initials does not alone supply the needs of the rapidly expanding peri-
meter of the cambium. During this period the 'deficiency' of initials is com-
pensated for by an increase in the dimensions of the daughter initials beyond 
those of their parents. While some increase in the tangential dimension of 
initials occurs, this is of less importance than their elongation well beyond the 
length of the former initials. That is to say, a steady increase in cell" length 
occurs outwards during the early growth of a stem. This increase in length 
makes an important contribution to the circumferential increase of the cam-
bium (Bailey, 1923), because the number of cells at any 'level becomes 
increased by intrusion of adjacent cells. These considerations explain the 
nature of the curve shown in Fig. 4.2A, which is typical of most trees with a 
nbn-storeyed cambium. 
In the above hypothetical case the 1 'He at which new daughter initials reach 
or exceed the length of their former parent cell was not considered. The very 
high rate at which the daughter cells attain their full size during the first few 
centimetres of radial growth further adds to the maintenance of the cambium 
during this period of rapid expansion of ~he stem. It must be emphasized, 
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however, that all these piOcesses are complementary, and one is not neces-
sarily the cause of the ether. Tn plants with non-storeyed cambia, where no 
elongation of new initials occurs after pseudotransverse division, there is 
necessarily a decrease in the mean cell length outwards from the centre of the 
stem. An interesting example where this type of behaviour occurs is found in 
Hibiscus lasiocarplis. In this species Cumbie (J 963) found that the anticlinal 
divisions occurred in many planes, varying from pseudotransverse to truly 
radial longitudinal. This partly compensates for the lack of elongation in new 
cells. In the storeyed cambium, where all the anticlinal divisions are in the 
radial longitudinal plane, the percentage rate of anticlinal divisions per centi-
metre of radial growth is sufficient to meet the requi rements of the expanding 
cambium, except possibly in the first few millimetre::: of radial growth. In this 
region, adjacent to the primary xylem. many woods that otherwise possess a 
typically storeyed nature in the outer regions of the stem show a somewhat 
non-storeyed appearance. 
Secondary influences 
While the decreasing rate of necessary anticlinal division in the cambium is 
the primary cause of the increase in mean fusiform initial length for a distance 
outwards from the centre of the stem, secondary influences may impart 
fluctuations to the basic pattern or changes in the maximum cell length 
attained or the rate at which it is attained. The most important of these factors 
is the actual rate of radial growth with time as expressed by growth-ring 
width. There are numlirous reports on the relation of tracheid length to ring 
width (see Dinwoodie, 1963). Although some authors have claimed that wide 
rings induce the formation of long cells, the converse is generally the case. 
Bisset, Dadswell, and Wardrop (1951) showed that, in general, wide rings 
correspond with short tracheid length in Pinus radiata. Other authors have 
been unable to find any relationship. 
The problem of the relationship between ring width and cambial behaviour 
with reference to cell length was explored by Bannan (I959) by examinin, 
white cedar stems of the following types: (l) stems of similar size but wit" 
rings of diverse widths; (2) stems showing a transition in their p~ripheral 
growth from wide rings to narrow rings: (3) stems exhibiting an alteration 
from narrow to wide rings, in their final growth; and (4) stems with rings of 
varying widths in different sectors. In the first type much variation occurred 
from tree to tree, with no consistent relationship between the frequency of 
pseudotransverse division in the cambium and ring width. However, mean 
cell length at pseudotransverse division showed an increase with decrease in 
ring width. In the second type the transition was usually accompanied by a 
slight increase in cell length and the third by a small decrease in cell length. 
All comparisons revealed a definite tendency for greater ceIJ length to be 
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associated with decreased ring width. The lack of a relationship between the 
rate of multiplicative division and ring width, however, led Bannan to con-
clude that cell size is due not so much to the frequency of pseudo transverse 
division as to inherent determiners, the latler being influenced to some extent 
by growth rates. 
Further information on the relation of cell length to growth-ring width has 
been revealed by Bannan in a more recent series of papers. It was shown for 
Thuja (Bannan, 1960) that, among trees of similar diameter, the maximum cell 
lengths occurred in growth rings less than 1 mm wide, while trees with wider 
growth rings tended to have shorter cells. However, the rate of pseudo trans-
verse division was uniform in both fast-grown trees (i.e. those. with wider 
growth rings) and slow-grown trees (Le. those with narrower growth rings). In 
Pinus (Bannan, 1962) maximum cell lengths were also associated with growth 
rings less than 1 mm wide, but the frequency of pseudotransverse division 
increased sharply as ring width decreased below 1· 3 mm. Results similar to 
those for Pinus were found in Picea (Bannan, 1963a) and Cupressus (Bannan, 
1963b). This increase in the rate of pseudotransverse divisions tends to 
decrease the cambial cell length in trees with very narrow growth rings. 
Hence, although there is, in general, an inverse relationship between ring 
width and cambial cell length, the sharp increase in the rate of pseudotrans-
verse division in very narrow rings can counteract this elTect by tending to 
depress cell length. Although this inverse relationship holds, Bannan (1965) 
found that the yearly amount of cambial cell elongation dropped as ring width 
decreased, but not in proportion to the decline in the ring width. Thus, the 
cumulat.ive elongation through a lineal series of cells per centimetre of xylem 
increment increases as ring width decreases, resulting in the amount of elon-
gation occurring during the production of several narrow rings greatly 
exceeding that throllgh a single ring having the same width. The higher rate of 
pseudotransverse division towards the end of the growth ring naturally lowers 
the mean length of the cambial cells at this stage. Bannan (1954) reported that 
the pseudotransverse divisions sometimes occur earlier in the elongation 
cycle in more vigorously growing trees than in slower-growing ones of 
similar diameter. This may cause a slight decrea.se in cell length in rapidly 
growing trees. 
,Chalk and Ortiz. (1961) have suggested that the decrease in mean cell 
length in wide rings in Pinlls radio/a is due to an increase in the number of 
pscndotransvcrse divisions occurrir.,· in the xylem mother cells. Bannan 
(1957:1), however, has shown that extra-illirial pseudotransverse divisions are 
very few and normally constitute only Qbout 2% of this typ:o of division, 
though in a very fast grown specimen of Cedrus deodoro (Roxu.) Lovd. a 
figure of 20% was recorded. Chalk and Ortiz helieve that thi& increase in the 
number of pseudotransverse divisions in the xy~('~ mother cells :11 the early 
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wood is a major factor in lowering the length cf the derivatives in this part of 
the growth ring. 
Although the basic pattern for incre:1se in cell length outwards from the 
centre of the stem, at any (me leveL has been established by numerous 
workers for equally numerous trees, remarkably few investigations have been 
made of the relatl'/e effects of age ancl distance from the pith on tracheid 
length. Anderson (t 95 t) in a study of a number of conifers, found that cell 
length at a given distance from the pith was the same throughout. the trunk, 
irrespective of the number of rings involved. Hejnowicz and Hejnowicz 
(I 958), from measurements made on a 50-yr-old tree of Populus treml/la L., 
obtained results similar to those reported by Anderson for conifers: the 
length of elemt!nts at a given distance from the pith was the same throughout 
the trunk irrespective of the number of rings involved, except in this instance 
for the lower part of the trunk up to 2 m above ground. At the same time they 
concluded that the distance from the pith \'.'::'.~ :! ';;Olr:p:.:ral:ve measure of the 
number of cambial generations involved in wood formation, i.e. a measure of 
the relative age of the cambium. This meant that elements situated at the same 
distance from the pith at various levels were formed by the cambium at the 
same relative age. Thus the length of the vessel elements, and by inference the 
fusiform initial length, is more closely related. tn the relative agt! of the 
cambium than to the absolute age of the cambium as measured· in terms of 
growth rings. 
It would appear that in the early part of radial growth, where the ratio of 
anticlinal to periclinal divisions in the cambium is very high, the actual radial 
distance from the stem centre is of prime imporuu1Ce in governing the balance 
between the various factors influencing cell size in the cambium. In the region 
more distant from the stem centre, however, where the frequency of anticlinal 
eli'. isions has diminished and loss of initials is high,secondary factors, such as 
growth-ring width, may influence the size of the initials. This would account 
for the different patterns obtained by various workers for cell length in the 
later part of the curve, i.e. in the wood farther !"'!!!1oved from the stem centre. 
For example, a decrease in cell length in this l:Jte r region, as recorded by 
many workers, could be due to the cumu!:l~i'''': ii·lfluen~e· of several wider 
growth rings during this period of growth. CO!;y~!:.:e!y, a number of nairow 
rings could cause a slight increase in the mean cell length. The actual raaial 
distance from the centre of the stem at which this transition in influence 
occurs will naturally vary from one specie:;-< .. ;:~:Jther, its position being 
influenced by the actual rates of anticlinal divt;';vi~ :.!!1d the percentage 'loss of 
initials, these factors bein~ inherent in a panicuL·,· species. It is a logical 
conclusion, therefore, that the diameter of the c3.:r"',ium at its initiation will 
influence the pattern of variation in cell length outwards from the centre of the 
stern. [nplantswherethecambiumdevclops011t~ick~"_.~ . :-~~~~ 
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the character;.,';c increase in cell length may be partially or totally absent.ln such 
cases it must be .assumed that the diameter at its initiation is such that the 
cambium is abl ... tIY~~deanticlinally at a' rate sufficient to provide an adequate 
supply of new,\:.J!s. The new cells meet the needs of the rapidly expanding 
cambial cylinder, a..dthe increase in length of cells is suppressed, 
VariaJions in !:?-?!fiil' f:,lfusiJorm initials within the growth ring 
There are no >t:ill:l:1.;ted results of direct cambial measurements taken at 
intervals during w;> ~rnwjng season, so most of our knowledge on within-ring 
variation comes f:·::::.~ ,~ many studies on the size of the cambial derivatives. 
Early wood el emento ",;-e shorter than those produced later in the same annual 
ring (Fig. 4.1 B). Thi:> refers to fibres, tracheids (Lee and Smith, 1916; Kribs, 
1928; Bisset. D~L .. !,dl. and Amos, 1950; Bosshard, 1951; Dinwoodie, 
1963; and others). ~~::! vessel members in non-storeyed woods (Chalk and 
Chattaway, 1935;'·3is5ct and Dadswell, 1950; Bosshard, 1951). 
Anticlinal divisl", •• ; ill the fusiform initials occur predominantly at the end 
of the growing season (Bannan, 1950) and are partly responsible for the 
cyclic changes in the lengths of their derivatives. Elongation of daughter 
fusiform initials ~i5"alsuuneven, elongation reaching a maximum in the last 
quarter of the growing season. Part of this variation within the ring, however, 
is due to the elongation of the derivative cells after they have been cut off 
from the cambium. This is particularly so in the case of wood fibres and fibre 
tracheids. Some light has been thrown on the degree and timing of this 
intrusive growth of derivatives by studies on plants with storeyed cambia 
(Chapter 5). In these plants anticlinal divisions in the cambium are all in the 
radial longitudinal plane, and no increase in length of the cambial cells occurs 
outwards from lii~ t>ilil. Within the gro\\1h ring, fibre kngth rises to a 
maximum in the middle of the ring and then drops abruptly to the ring 
boundary (Chalk, Manitrand, and Walsh, 1955). Vessel element and paren-
chyma strand lengths remain constant throughout the growth ring. 
Challges in thp fusiform cambial initial length in relation to height in the tree 
There is a gradient in cell length along the axis of the tree. When the pattern 
of cclliength is followed upwards in the same growth ring the average length 
increases from the ':::':::9-- upwards, reaching a maximum and then decreasing 
towards the top (Sanio, 1872: Pritchard and Bailey, 1916; Bailey and 
Shepard, 1915; Lee and Smith, 1916: Chat k, 1930; Bethel, 1941; Bisset and 
Dadswell, 1949), tht: longc~t cells occurring at a higher level in successive 
annual rings (Bailey :md Shepard, 1915; Bethel, 1941). 
With increasing height up the stem, within anyone growth, ring, the cell 
length increases from the base to about one-third of the stem height and then 
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decrCllses. Thlls the point of maximum length is located at progressively 
higher levels as successive annual rings aro: forn1·~d (Fig. 4.3A). Chalk (1930) 
pointed out that the dilTerent patterns of varintic in cell size within the tree 
could be dilTerent aspects of the same phenomenon. If this is so, the upward 
gradient is a result of the fact that the radial distance of the cambium from the 
centre of the stem decreases with the tapering of the tree. While this is in part 
true, its influence is most prono~tnced towards the very top of the trunk, 
where the stem diameter is relatively small. The changing radial distance of 
the cambium from the stem centre cannot explain the increase in cell length 
over the first third of the total stem height. Hejnowicz and Hejnowicz (1958) 
explained the pattern in this region of the stem as influenced by its proximity 
to the root. 
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Fig. 4.3 Graph A illustrates the typical pattern of change in cell length with increasing height 
up the stem. Graphs n, C, and D show the increase in cell length with radial distance from the 
stem centre at the corresponding heights B, C, and D indicated on graph A. 
Another approach to the problem of variation in cell length with tree 
height comes from our knowledge that trees pass through a grand period of 
growth before entering old age. It would appear certain that the rate of height 
growth at a particular time has an influence on the size of the cambial initials 
originating during that period. Dinwoodie (1963) found evidence that rings 
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laid down by the cambium in short internodes possessed shorter tracheids 
than did rings laid down in long internodes. Where very little stem elongation 
has occurred, the cambial initials laid down by the apical meristem are 
apparently shorter than those occurring as a result of normal growth. This 
relation between amount of height growth and initial length has its greatest 
effect in the first growth rings. Mell (1910), Lee and Smith (I 916), and others' 
also n'oted that faster-growing trees possess longer tracheids, but did nct 
correlate this with internode length. Trees with this high initial cambial cell 
length will usually maintain the relatively high length throughout subsequent 
growth rings (Bisset, Dadswell, and Wardrop, 195 O. Many trees pass through a 
grand period of growth when the actual ratesofheight and diameter growth are at 
a maximum. It would be expected therefore that initials laid down during this 
period might be appreciably longer than those raid down at periods of slower 
growth. The general pattern of increase then decrease in cell length when 
followed in anyone growth ring up the tree could thus be partly explained in 
terms of height growth (Fig. 4.3B, C, D). Towards the top, however, when the 
stem diameter becomes relatively small, the decrease in cell size is due to the 
'cor::' effect, i.e. the increase in cell length outwards from the stem centre has not 
r~ached its maximum in this region (Fig. 4.3B). 
Secondary influences 
Just as secondary influences impart fluctuations to the basic pattern of cell 
size outwards from the stem centre at anyone level, so, too, do secondary 
influences ct'.me fluctuations to the norma] pattern of cell size with trce height. " 
The most prominent of these is the rate of height growth. If, for any environ-
mental or other reason, the rate of height growth is suppressed in anyone 
year the mean cell size of the new cambial initials laid down during this 
period will he shorter. Even after radial growth of several years these initials 
will be shorter than those in neighbouring internodes laid down during more 
favourable conditions of height growth. 
Other callses O!l'ariatiol1 in cell size 
Kaeiser (1964) has shown in Eastern cottonwood that the fusiform cambial 
initials show an increase in length on hoth the upper and lower sides of a 
leaning trunk. Generally, however, cOJnpression wood is characterized by 
shorter tracheids tl1<10 the corre. 'onding normal wood (Dadswell and 
Wardrop, 1949: Bisset and Dad!>well. 1(50). Some workers have shown that 
tension-wood fibres are longer than those in normal wood. It is not clear if 
these size changes in fact occur in tht' carr:biuITI. or are the result of reduced 
or increased amounts of intrusive elongation of the derivati ves. 
The pattern of size changes within the inter-node has not as yet been 
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adequately investigated. Bailey and Tupper (1918) noted that traeheids 
tended to be shorter at nodes, the junction of stems and roots or branches. 
and other regions where growth adjustments occur. Initials also tend to be 
shorter at the sites of injuries. 
Another pattern of variation which d;;:parts from the general pattern for 
trees has been recorded by Rumball (1963). This is found in trees which pass 
through a juvenil: stage marked by a striking change in habit to that of the 
adult trce. The rate of' increase in cell length outwards along anyone radius 
was found to be very rapid during the juvenile phase, but when the tree 
entered the adult phase the rate of increase declined after a sharp break in the 
graph representing celllcngth against distance from the pith. This break in the 
curve corresponds with the time of thc habit change from a divaricate shrub 
to a normal tree. 
Size variation between different trees 
Differences in cell length also occur between specimens of the same species 
with different provenances. Echols (1958) found a significant relationship 
between tracheid length and latitude in Pillus sylvestris when plants from 
different latitudes were grown together. Cell length showcd a decrease with 
increasing latitude. A similar relationship was observed by Dinwoodie (1963) 
for Sitka spruce. However, the variation in cell length between provenances is 
small (5-30%) compared with the differences in cell length which occur 
within anyone tree (e.g. a 200-400% increase in cell length outwards fro"1 
the 'lith). 
Harlow (1927), working with Thuja occidelllalis, concluded that the dilTer-
ences in site were negligible in view of the fluctuations among trees growing 
on the same site. Bannan (I959) examined nearly 100 trees from diverse 
habitats and corroborated Harlow's findings. Site would seem important only 
in as much as it affects growth generally. Bannan (1963 b) studied the inter-
action of environmental and inherent factors on cambial cell size in Cupressus. 
In general, he found the species from arid regions had smaller cells than 
those from the damper regions. The effects of temperature and day length on 
tracheid size have been studied by other workers, but since no measurements 
have ever been made directly on the cambial initials, it is not clear how much 
these factors influence the size of the initials or how much they alter the rate 
and amount of elongation of the derivatives by changing the cell-wall plasti-
city or otherwise affecting differentiation. 
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T11e sto~eyed 
cambium. 
When viewed in tangential section the cells of the vascular cambium and its 
derivatives show one of two basic patterns. In gymnosperms and in many 
dicotyledonous plants the cambial initials are arranged in a more or less 
irregular pattern with the ends of adjoining cells overlapping. In some of the 
more highly specialized dicotyledonous plants, however, lhe cells appear to 
be in definite horizontal rows or tiers (Fig~ 5.l). T.he cells in such an arrange-
ment are said to be storeyed or stratified. 
The storeyed arrangement of the cambial initials may result in a similar 
stratifkd condition being present in the secondary xylem and secondary 
phloem, though in these derivatives the pattern is frequently obscu red by the 
changes that occur during their respective differentiation. This is particLilarly 
evident in the case of the xylem, where intrusive growth of the fibres well 
beyond the limits of the cambial tier may obscure the formerly storeyed 
pattern. 
The fusiform initials in the non-storeyed cambium are vertically elongated 
cells with tapering ends which overlap with those of verticaliy adjacent cells 
(Fig. 1.2). By comp:uison, the initials of the storeyed cambium are roughly 
hexangular in outline. with long parallel sides and abruptly tapering ends. The 
ends of cells in two adjacent storeys do not overlap to any great extent. The 
fusiform initials of a storeyed cambium are also considerably shorter than 
those of a non-storeyed cambium. For example. in Robinia. a plant possessing 
a storeyed cambium, the fusiform initials are approximately 175-200 Jim 
long, as compared to those in a conifer, which may have its non-storeyed 
fusiform initials up to 4.000 Jim in length. In an extreme case. such as 
Seqlloia. the initials have bern known to attain' a length of 9,000 JI m (Bailey, 
1923). 
THE STOREYED CAMBIUM 77 
The stratified arrangement of the cells in the storeyed cambium is produced 
as a direct consequence of the nature of the anticlinal division and the absence 
of intrusive growth of the daughter cells following such a division. Other 
Fig. 5.1 Tangential longitudinal section of the \'3scular cambium of Ho".:ria (mgllslijolia. The 
short fusiform il111iais are ill horizomaltiers. with their abruptly tapering tip.> at approximately 
the same level. (:.: 135.) 
factors which influence the resulting nalure of the ~ambillm include the size of 
the cambial radius at its initiation and lhe amount of primary longitudinal 
gro\,th which continues after radial gro',;;th 11;).5 commenced. 
When a stem grows radially the number of cells in the cambium is con-
stantly increasing. thus keeping pace with the. ""'rease in the circumfc:rence 
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of the stem. Tn non-storeyed wf)ods this occurs by the pscuclotransverse anti-
clinal division of thi:: fusiform cambial initial followed by the intrusive elonga-
tion of the subsequent daughter initials (Chapter 2). Bailey 0923) pointed 
aut, however, that by its vcry nature. increase in girth of the storeyed cambium 
cannot involve th·~ elongation of daughter cells to any great extcnt, or the tier-
like nature of the cambium \'>'Quld be lost. In the storeyed cambium the 
fusiform initials divide anticlinally by tile formation of the new cell wall in the 
radial longitudinal plane (Fig. 2.2). This results in the two daughter initials 
lying side by side after division, and the absence of any subsequent elongation 
of these initials permits the development of the characteristic storeyed pat-
tern. As a consequence of this method of division, the number of cells in each 
storey is continually increasing with increasing radial distance from the stem 
centre. It is this fundamental difference in the orientation of the new cell wall 
at anticlinal division, combined with a total absence of intrusive growth of the 
daughter cells. which separates the storeyed from the non-storeyed cambium. 
ComP!lred with the investigations that have been undertaken on non-
storeyed cambia, the storeyed cambium has been somewhat neglected. The 
most comprehensive account published is that of Beijer (1927), who made a 
meticulous study of cell division in the root cambium of Aeschynomene 
elaplrroxyloll Taub. (Hel'miniera elaphroxyloll Guill. and PerL). Using the 
method devised by Klinken (1914), he traced the pattern of cell division 
through serial tangential sections. One aspect of his investigation involved a 
study of the readjustments whiCh occur at the cell ends after the anticlinal 
division. Beijer concluded that the new cell w~H may intersect the existing cell 
wall at anyone of a' number of positions, but this is always followed by 
growth adjustments in the form of slight intrusive growth so as to restore the 
pointed end~ to both daughter cells, This limited intrusive growth ensures that 
the cell walls comply with what he termed 'the law of minimal area'. 
The arrangement of the cells at the time of initiation of the cambium in 
plants later possessing a storeyed cambium has been little studied, possibly 
due to the difficulty of obtaining good sections of the procambium. Von 
Hohnel (1884) was of the opinion that the storeyed arrangement of the cells 
was already present in the procambium and that the development of the 
storeyed cambium was simply a consequence of this stratification in the 
pro cambium. Klinken (1914). however, pointed out that this was not a neces-
sary prerequisite for a storeyed cambium. According to Klinken, the young 
cambial cylinder expands so rapidly in a tangential direction at the beginning 
of secondary growth that a distinct storeyed pattern is possible at a very early 
stage simply by means of the radial longitudinal divisions occurring within 
the cambial cylinder. Simple calculations on roots of Aeschynomene by Beijer 
(t 92 7) have shown that this is indeed the case.Jn A eschYllomene the cells of 
the procambium arc non-storeyed and the expansion of the initially small 
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cambial cylinder by radial longitudinal divisions results in the development 
of tiers of cells. 
Although it is only in stems of considerable thickness that the tiers of cells 
in a storeyed cambium assume a marked regularity, the diameter which a 
stem must attain before the storeyed pattern becomes pronounced is subject 
to wide variations. Record (1919) reported that, in certain stems of the 
Leguminosae and Zygophyllaceae, the initials are found to be in regular tiers 
in what was apparently only the second growth ring and less than t in from 
the pith. In general, however, it is not until stems are considerably thicker that 
the storeyed pattern ,is marked. 
The apparent variation between species was known to be influenced by 
growth rates, but it was Beijer (1927) who first realized that the radius of the 
cambium at the time of its initiation could have an important bearing on the 
subsequent development of storeys. By contrasting the average number of 
cells per storey at a given radius in stems and roots where the cambial radius 
differs at initiation, he concluded that the smaller the radius of the cambium 
at its initiation, the more cells there would be present in any storey ~.t any 
given distance from the centre of the stem. Thus, in stems with a large core of 
pith and primary xylem, the storeyed arrangement of the cells in the cambium 
will not become apparent until the stem has acquired a considerable thick-
ness, whereas in stems with a small core of primary tissue the tier-like nature 
of the cambium will become apparent at a much smaller thickr.ess. 
Although some morphologists do not recognize the existence of a distinct 
'cambium' until primary grO\vth has ended, it is nevertheless true that in some 
plahts radial growth has commenced some time before primary longitudinal 
extension has ceased. Before a cambium can become storeyed this primary 
growth must have ended. It is likely that the occurrence of the non-storeyed 
state near the centre of some stems which later possess a truly storeyed 
cambium is due, in part, to the occurrence of transverse and pseudotransverse 
divisions in a meristem that is still being subject to primary extension .. 
Derivatives of the storeyed cambium remain grouped in horizontal tiers 
unless elongation of the derivatives modifies this pattern. Usually the storeyed 
pattern does not remain in all elements. In the extreme case~ as in some 
members of the Zygophyllaceae, the Bignoniaceae and the Leguminosae, all 
the rays, vessel members, tracheids, fibres, and wood parenchyma strands 
remain grouped in 110rizontal tiers. However, this is not the case in most 
plants with a storeyed cambium. Vc :sel elements are commonly storeyed and 
correspond approximately in lengti, to the height of each storey, though 
occasionally short segments are found that are subdivisions of a storey 
produced by a transverse division of a mother celL The paren..::hyma is also 
usually storeyed. Cells may be one storey high or form a vertical strand of 
two, fO!lf, Of more parenchyma cells withill tr.e storey (Fig. 5.2). Record 
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Fig. 5.2 Tangential longitudinal section through the secondary xylem of Hoheria allg[lslijolia. 
The str;mds of axial parenchyma have either two or four parenchyma cells within the storey. 
giving the impression of sp.condary stratifications. (x 150.)' 
(1919) suggests that it is not uncommon to find metatracheal strands com-
posed of two cells and paratracheal strands of four cells. Where these dividing 
walls are regularly c!isposed,.they may appesr as secondary striations within 
the storey. Record cited Bombas, Ceiba, and Heliocarpus as examples having 
four parenchyma cells per strand. Charpellliera. Diaphysia. and 
LonchocarplIs as having two cells per strand, and GossypiuJn and 
Pterocymbium as ha'/ing two cells per strand in the metatracheal and four 
cells per strand in the paratracheal parenchyma. 
The wood fibres and fibre tracheids more rarely show a storeyed nature, 
since they seldom remain the same length as the cambial initinls from w~ich 
they are derived. Sometimes the elongated fibres have a widened middle 
portion corresponding in length to that of the original cambial initial. Where 
the fibres have undergone no elongation, as in Triploellilon, Scleroxylol1. and 
Aeschynomene, the cells remain storeyed. In Aeschynomene the fibres are 
similar in size to the parenc.hyma cells but have thicker walls and more 
pointed ends (Fig. 5.3). 
Rays may be of only one storey in height .. e.g. Dalliella lhurijera Bennett, 
or they may extend through several storeys yet still retain a storeyed pattern. 
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Fig. 5.3 Tangenliallongitudinal section through the secondary xylem of Aeschynomelle hispida 
WilJd .• a plant where all the derivatives of the storeyed cambium remain in~istinct tiers. (P) 
undivided parenchyma cell5 which form the bulk of the 'wood', (V) vessel members. and (F) the 
fibres with thicker walls and slightly more pointed cell tips than the parenchyma cells. (x 100.) 
Such an arrangement can give the wood a distinctive pattern of bands or 
striations when examined macroscc)ically. termed ripple marks. Where the 
rays arc all storeyed they generally occupy the median portion of each tier, 
the height of which is usually greater than that of [he rays. In some storeyed 
woods the rays may be of two types. the smaller 0:11y b.;ing storeyed, while 
the larger arc more irregula rJy dispersed. This is espec;aUy common in the 
Bombacaeeae, Malvaceae, and the SterculiacC",: (Record. 19 J 9). There is 
frequently an aggregation of pits on [he fibre end waJ1s in storeyed woods, 
82 THE V A S C tJ L ARC A :\1 II I U M 
where the lumina tend to constrict, alld this often makes the lines between the 
storeys more uistinct. Solerader (1908) ligures a species of AeschYllOl11ene 
with the parenchyma cells pitted prominently at the ends. 
Two factors therefore influence the retention of the storeyed pattern in the 
derivates of a storeyed cambium. These factors are: (11) the distribution and 
size of the ray initials in the cambium, and (b) the amount of intrusive growth 
occurring in the derivatives of fusiform initials. For example, although the 
fusiform initials might be in clear storeys, the storeyed arrangemcnt is not 
noticeable because of the presence of many rays of unequal size. Conversely, 
the storeyed patten. may be visible in the derivatives due to the fa~t that the 
rays are nearly all of an even size and lying at the sume height, even if the 
storeyed structure has been lost in the mass of.cells due to intrusive growth. 
Due to their relative unimportance to the pulp and paper industry, little 
research has been carried out on the size variations in the cambial derivatives 
of storeyed hardwoods. Hejnowicz and Hejnowicz (1959) made measure-
ments of fibres and vessel members of Robinia pseudoacacia L. They report a 
distinct change in fibre length within the growth ring, fibre length increasing 
from the first formed early wood to the late wood, with an abrupt drop in 
length at the ring boundary. The amplitude of fibre-length variation increased 
from the pith outwards. They also report that the fibres of the first-formed 
early wood showed no great tendency to increase from the pith outwards, but 
the fibres in other parts of the wood showed this tende'ncy as clearly as the 
fibres in a non-storeyed wood. In contrast to this, Chalk, Marstrand, and 
Walsh (1955) reported that, in PterocarpllS angolellsis DC., Nesogordonia 
papavijera Capuron and Aeschynomene eiaphroxylon, neither the fibres nor 
the parenchyma strands showed any general tendency to increase in lengtlt 
from the pith outw;J.rd. Within th:: growth ring the fibre length rose to a 
maximum in the middle of the. ring and dropped abruptly at the ring boun-
dary, but the length of the parenchyma strands remained constant. Philipson 
and Butterfield (unpublished data) have shown in Hoheria angllstijolia that 
the vessel members within a growth ring display a slight increase in length 
towards the end of the ring. From associated studies, however, it has been 
shown that this is due to the angle of inclination of the end wall, the vessel 
members towards the end of the growth ring being narrower and with more 
tapering ends compued with the wider transverse-ended vessel members of 
the early wood. Over seventeen growth rings no increase in the mean length 
of the vessel members was observed. The possibility that the length of the 
derivative was dependent upon the plane of the anticlinal division wa;s in-
vestigated by Esau and Cheadle (1955), who examined ninety·one species of 
seventy-one genera representing plants with both storeyed and non·storeyed 
cambia. They showed in Asimina triloba Duna!. (storeyed cambium) that the 
phloem elements derived from the cambial initials had divided along various 
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planes, resulting in the sieve elements being shorter than the cambial initials 
from which they were derived. The vessel elements, however, corresponded in 
length to that of the initials. 
Beijer (1927) and others have shown that storeyed structure is related to 
length of cambial initials, storeyed structure being associated with short 
initials. It is worth pointing out that some authors have inferred that the 
change in angle of the anticlinal wall from the pseudotransverse position to 
the radial longitudinal position has been made possible by the short length of 
the cambial initials. However, while it is true that storeyed arrangement is 
associated with short fusiform initials, one is not necessarily the cause of the 
other. It should be remembered that divisions in the periclinal plane usually 
occur from tip to tip of the initial irrespective of the length of the cell. 
Bailey (1920, 1923) noted from his studies on the length of fusiform 
initials in various plants that as the initials become shorter, the ends of the 
more oblique partitions tend to approach the extremities of the cell. Thus 
certain of the more highly differentiated dicotyledonous plants will tend to 
show transitional types of meristems with incipient stages of stratifications. 
Furthermore. he postulated that the variation in size of adjacent fusiform 
initials in storeyed cambia may be due at least in part to some of the anticlinal 
divisions being somewhat oblique. The gradation from non·storeyed to 
storeyed arrangement of ceI1s in some plants has also been noted by Chalk 
(1937). 
The 'association of storeyed cambia in woods with short vessel elements 
and other highly specialized features has led to the conclusion that storeyed 
structure is an advanced character. Storeyed cambia occur in very many 
systematically widely different dicotyledonous families, perhaps only in some 
species, or in almost all the members of the family (e.g. the Papilionaceae). 
This irregular taxonomic distribution of storeyed wood has led to the belief 
that this character has arisen independently in many lines. In any case, since 
the development of storeys is dependent on several factors, a simple phylo-
genetic relationship scems unlikely, Record in a series of papers (1911. 1912, 
1919, 1927a, 1927b, 1936, and 1943) has listed families and genera with 
storeyed wood, giving extensive lists of storey heights and noting which 
elements arc storeyed in a particular wood. Metcalfe and Chalk (1950) also 
list families where some genera possess storeyed clemellts. The association of 
storeyed structure with other advaw:d features has led taxOl~omists to use it 
as a criterion for suggesting that a pa rticular plant is ad\,fll1cC'd. Metcalfe 
'1945) concluded that where storeyed structure is confined to certain genera 
a family it must be presumed that these genera are more adv"nc.cd than the 
'linder. 
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SUMMARY 
Developmental changes in the vascular cambium of Aeschynomene hispida 
Willd. were determined from an ,malysis of transverse and tangential longitudinal 
sections of the secondary xylem. Increase in the number of fusiform cambial 
initials in this plant is brought about by two types of anticlinal division. The 
majority of these divisions are radial longitudinal, contributing to the number of 
fusiform ceJls in the tangential plane. Occasional transverse division of fusiform 
initials can add cells in the vertical plane. Apart from a slight rearrangement of 
the cell tips, there is no intrusive growth of the daughter cells following either 
type of division. Repeated radial longitudinal divisions produce a highly developed 
storeyed pattern of the fusiform initials when viewed in tangential section. follow· 
ing radial growth. The frequency of radial longitudinal division, recorded as a 
percentage of the fusiform initials that divide for each millimetre of radial growth, 
declines with radial distance from the stem centre. The mean length of the 
fusiform initials remains fairly constant with radial growth, but the tangential 
width of these cells increases rapidly over the first 10 mm and then remains 
constant. An apparent deficiency in the frequency of anticlinal division over the 
first few milJimetres of radial growth is compensated for by an increase in the 
tangential dimension of the fusiform initials. No loss of fusiform initials occurs 
other than that resulting from their transformation into ray initials. Both uniseriate 
and multiseriate ray initials generally occupy similar tangential dimensions to 
neighbouring fusiform initials. New rays develop by the subdivision of individual 
fusiform initials. The secondary xylem produced by the cambium is unusual in 
that the axial parenchyma cells, vessel members, and fibres all remain largely 
within the confines of the storeys. 
] NTRODU CTiO N 
The production of secondary xylem, by periclinal divisions in the 
vascular cambium, results in a progressive increase in the circumference 
of the cambial cylinder. To keep pace with this expansion, the fusiform 
initials of the cambium undergo occasional anticlinal division. In the 
gymnosperms and in many of the dicotyledonous plants, this division 
involves the development of an oblique cell plate which divides the 
parent fusiform initial into two shorter daughter cells. Following this 
pseudotransverse division. the two daughter cells elongate by intrusive 
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growth thereby expanding the cambial circumference (Bailey. 1923). This 
process of pseudotransverse division followed by intrusive growth pro-
duces the non-storeyed type of cambium. The developmental changes 
associated with this process in the gymnosperms, including the division 
cycle, the elongation of the daughter cells, and the loss of some of these 
from the cambium, has been intensively studied in recent years (Bannan, 
1950, 1957a, 1957b, 1968; Whalley, 1950; Hejnowicz, 1961, 1964; Srivas-
tava, 1963). There have also been a number of studies of the develop-
mental changes in the vascular cambium in dicotyledons. These include 
investigations on Pyrus (Evert, 1961). Liriodendron (Cheadle and Esau, 
1964), Leitneria (Cumbie. 1967), Hibiscus (Cumbie. 1963; Walker and 
Cumbie, 1968), Polygonum (Cumbie. 1969a), and Apocynum (Cumbie, 
1969b). While the nature of the anticlinal division and the amount of 
cell loss following division varies between these plants. each of them 
essentially has a non-storeyed cambium. A number of the more highly 
advanced dicotyledons possess vascular cambia where the fusiform initials 
are in definite storeys. In this type of cambium, anticlinal division takes 
the form of a more truly radial longitudinal division and there is no 
intrusive growth of the daughter cells following division. Compared with 
the investigations that have been undertaken on the non-storeyed cam-
bium, the storeyed cambium has been somewhat neglected. The only 
comprehensive account is that of Beijer (1927). 
This paper describes the developmental changes occuring within 
the vascular cambium of Aeschynomene hispida Willd. This plant is 
unusual in that none of the xylary derivatives of the vascular cambium-
vessel elements, fibres, or parenchyma strands, undergo any appreciable 
intrusive growth during differentiation. The cells of the wood replicate 
the pattern of the cambial initials. remaining in neat horizontal rows 
when viewed in tangential longitudinal section. 
MATERIALS AND METHODS 
Material of Aeschynomene hispida. collected from the British Hon-
duras, was sent to this department by Dr C. R. Metcalfe of the Royal 
Botanic Gardens, Kew. The date of collection is not known. A block of 
stem material 48 mm in diameter was used as the basis for this study. 
From this, a rectangular block 12 mm wide by 6 mm deep was cut to 
include the pith and the wood on both sides of the stem. This was 
further divided into eight blocks as indicated in Fig. L These blocks were 
prepared for sectioning using standard paraffin methods. A small number 
of transverse sections were cut off each block and then after remounting 
on the microtome. each block was completely cut into serial tangential 
sections of 12 {~m thickness. These sections (approximately 4,000), after 
mounting, were stained according to standard safranin-fast green 
procedures and mounted in DePex. 
To study the developmental changes that had occurred in the cam-
bium as it progressed outwards in the stem, a number of techniques were 
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FIG. I-A diagram to illustrate the way in which the stem 
material of Aeschynomene hispida was divided into eight 
blocks for sectioning. Transverse sections were cut off the 
blocks. then after remounting. each block was cut into serial 
tangential sections. A small line was cut along the side of 
the blocks to assist orientation under the microscope. 
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employed. The transverse sections were placed in an overhead projection 
arrangement and photographic prints made directly from the image of 
the slides. About 12 photographs were needed to cover each section 
and these were assembled to form a photograph mosaic of the stem 
measuring approximately 4 m by 76 cm. By tracing the files of cells 
in these photographs. the positions of the anticlinal divisions and any 
subsequent cell loss could be detected (Fig. 2). 
The serial tangential sections were also examined using the overhead 
projectoT. Developmental changes in the cambium were studied, in this 
case, by following the radially aligned derivatives in successive tangential 
sections. Two methods were employed. For the sections cut from one 
side of the stem, approximately every sixth section was photographed 
and files of cells studied using a cardboard template over the photo-
graphs. In the serial tangential sections prepared from the other side of 
the stem, one storey of cells was selected and drawings made of these 
cells. in sections in which changes in cell number or arrangement could 
be detected. 
Cell length and width measurements were made using the overhead 
projection system, the image being projected onto a calibrated scale. 
Fifty cells were measured in each s.ample. Two arrows mounted on the 
projection screen enabled two cells to be selected at random for length 
and width measurement from the tangential longitudinal sections. The 
image was then moved vertically through 25 storeys to obtain the full 
data. 
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OBSERVATIONS 
The wood of Aeschynomene is very light, being made up largely 
of thin-walled parenchyma cells. No growth rings were observed in the 
material examined. The parenchyma tissue is built up of vertically 
elongated cells. fusiform in outline, with hexangular tips (Figs. 3,4). In 
tangential section the cells reflect the storeyed pattern of the vascular 
cambium, the cell tips of one storey only slightly overlapping the cells of 
vertically adjacent storeys. Interparenchyma pit-pairs are of the simple 
type. Some of the parenchyma cells, especially those close to vessels, show 
subdivision into two (Fig. 3), or occasionally more cells per strand. They 
may also contain crystals, the number of crystals per strand being usually 
between 8 and 11 (see Fig. 5). 
The vesse:s are solitary (see Fig. 2), or very occasionally, in small 
radial multiples. The individual vessel elements remain within the storey 
and have simple perforation plates. Vessel to vessel pit-pairs are of the 
bordered type. 
The wood is unusual in that the fibres undergo comparatively little 
intrusive growth during differentiation. They are distributed around the 
vessels in an aliform to banded distribution when viewed in transverse 
section. In longitudinal section they can be distinguished from the paren-
chyma cells by their thicker, more easily stained walls and their more 
pointed ends (Fig. 3). Occasionally the tips of fibres intrude between the 
cells of the storeys immediately above and below. When this happens 
the main body of the cell still remains within the confines of the storey. 
Both multiseriate and uniseriate rays are present, but the majority 
are uniseriate and confined to one storey or less in height. Some rays are 
multiseriate for part of their height only. Even when multiseriate, the rays 
rarely exceed the tangential width of the adjacent parenchyma cells. A 
few larger multiseriate rays also occur and these frequently possess 
horizontal tracheary elements (Fig. 5). 
The pattern of anticlinal cell division in the cambium was clearly 
replicated in the cells of the secondary xylem examined. Except where 
large vessels obscured the pattern, the fIles of cells cut off from the fusi-
form and ray initials could be readily traced in the tangential longitudinal 
sections. The examination of these sections indicated that in Aeschy-
nomene hispida, anticlinal division in the cambium almost always takes 
the form of a radial longitudinal division extending the full length of 
the fusiform initial (Fig. 6b). This results in the two daughter cells lying 
side by side in tangential view after division and producc-<; the storeyed 
cell arrangement of the initials. As a consequence of this repeated radial 
longitudinal division, the number of cells per storey shows an increase 
with radial distance from the stem centre. More rarely a transverse 
division was observed, the new wall dividing the fusiform initial approxi-
mately into two. Generally such a division is the first stage in the 
development of a new ray, but it can also lead to the deVelopment of 
two storeys each about half the height of the adjacent storeys, if radial 
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FIG. 2-A transverse section of the secondary xylem of Aeschy-
nomcnc hispida. Because the maiority of the anticlinal 
divisions in the cambium are radial longitudinal, the deri-
vatives of the fusiform initials remain in neat radial files. 
Three radial longitudinal divisions are indicated by the 
circles drawn on the photograph. (x 165) 
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longitudinal division follows (see Fig. 5). Although transverse divisions 
were not observed to have occurred simultaneously in two or more 
adjacent fusiform initials, this does not preclude such a possibility. 
Ray counts made on the tangential sections indicated that the ray 
initials constituted only a small proportion of the cambial circumference 
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FIG. 3--Tangential longitudinal section through the secondary 
xylem. The axial parenchyma cells (P) that form the bulk 
of the wood are fusiform in outline with abruptly tapering 
ends. Subdivision of these cells into axial strands occurs 
only rarely. and then mainly in those cells close to vessels. 
The vessel members (V) and the main body of the fibres 
(F) also remain lNithin the confines of the storeys. (X 165) 
at any given distance from the stem centre (Fig. 7), the percentage of the 
cambial circumference occupied by ray initials showing a decrease over 
the first few millimetres from the stem centre, and then remaining fair1y 
constant at about 5%. 
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FlO. 4~Radial longitudinal section of the secondary xylem 
through parenchyma. (x 44) 
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New ray initials are continually being added to the cambium as 
radial growth proceeds, in order to maintain this balance of ray to 
fusiform initials. In the majority of cases a new ray develops by the 
transverse division of a fusiform initial. dividing the parent cell approxi-
mately into two. The upper or the lower of the two daughter initials 
then further subdivides by transverse division. usually into two or four 
cells (Fig. 6c, d). The ray produced may continue through a considerab~e 
number of periclinal divisions remaining, in effect, only half a storey in 
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FIG. 5-The maJonty of the rays, both uniseriate and multi-
seriate, remain generally within the storeys and have similar 
tangential dimensions to the adjacent fusiform initials. A 
few large multiseriate rays with horizontal tracheary ele-
ments occur. The circles marked on the photograph indicate 
short storeys that have resulted from radial longitudinal 
divisions, following a transverse division. A number of 
parenchyma cells, showing subdivision and containing 
crystals, can also be seen in this photograph. (x 110) 
height. These ray initials may then divide longitudinally to give a multi-
seriate ray, or the shorter fusiform initial below may subdivide to produce 
a ray equal in height to the adjacent fusiform initials (see Figs. 3, 5, 6e, 
and f). Ray initials, either uniseriate or biseriate. normally form a ray 
with similar tangential dimensions to neighbouring fusiform initials. 
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FIG. tl-a, b-Stages in radial 
longitudinal division within 
the cambium, as observed 
from the parenchyma of the 
secondary xylem. c, d, e--
Stages in ray development. 
Following subdivision of the 
fusiform initial, the upper 
or the lower daughter cell 
undergoes further subdivi-
sion into two or four cells 
before the other daughter 
cell subdivides. f-Multi-
seriate rays can o,cupy 
either half the height of the 
storey, or, by subdivision of 
the other daughter cell, they 
may extend the full height 
of the story. (Drawn from 
tangential longitudinal sec-
tions) . 
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FIG. 7-The percentage of the cambial circumference occupied 
by ray initials, plotted against radial distance from the stem 
cenlre. 
TABLE I-A summary of the number of fusiform and ray initials at 5 mm 
inteTVals from the stem centre. 
Distance from stem centre (mm) I 6 II 16 21 
Total cell count within 24' segment 30 87 139 218 287 
Total number of rays 2 5 7 IO 14 
New rays 'n. 3 2 3 4 
Total fusiform initials 28 82 132 208 273 
New fusiform intials 54 50 76 65 
Radial longitudinal divi.,ion per 
fusiform initial . 1.25 0.50 0,48 0.32 0.3\ 
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The frequency of radial longitudinal division in the cambium was 
determined from the photographs of the transverse sections. A sector 
subtending an angle of 24" was marked out, and counts made of the 
radial longitudinal division that had occurred within each millimetre of 
radial growth. The percentage of the fusiform initials that had divided 
during each millimetre of radial growth was calculated, after subtracting 
the rays from the original cell count because these do not add to the 
new cambial circumference. A summation of the cell division for each 
5 mm of radial growth is shown in Table I. and the percentage 
of fusiform initials that had under ne radial longitudinal division for 
each millimetre of growth is gra in Fig. 10, line B. No loss of 
fusiform initials following radial longitudinal division was observed. 
The mean length of parenchyma cells showed a slight increase 
followed by a slight decrease (Fig. 8) with increasing radial distance 
from the stem centre. These data are based on the tip to tip measurement 
of 50 parenchyma cells selected at random in the tangential longitudinal 
sections. The mean width of these cells showed an increase over the first 
10 mm from the stem centre and then decreased slightly outwards to the 
cambium (Fig. 9). 
DISCUSSION 
Most of our pre')ent information on changes occurring in the 
vascular cambium of seed plants has been obtained from investigations 
made on the secondary xylem, and not from direct examinations of the 
cambium itself. Since the cambial initials leave a record of their activi-
ties in these derivatives. the general sequence of cell size changes and 
changes in ce!1 arrangement. that OCCUr in the cambium with radial 
growth, can be determined by an examination of the secondary xylem. 
However. since the xylary derivatives of the cambium undergo elongation 
during their differentiation. data thus obtained are of necessity erroneouS 
to the extent of any elongation or cell rearrangement that has occurred 
after the derivative,> have been cut off the cambium. The extent of this 
cell elongation and subsequent cell rearrangement is difficult to assess in 
most plant .. , as it varies with several factors. including position within the 
growth ring. Bailey (1920) concluded that the tracheids in Ginkgo and 
most members of the Coniferae were slightly longer than the fusiform 
cambial initials from which they were derived. This relationship was 
generally thought to apply to most conifers and a great number of studies 
on the changes in cell length in the conifer cambium were based on this 
assumption. Chattaway (1936) found that the fibres of dicotyledonous 
woods were 1.1 to 9.5 times longer than the fusiform initials from which 
they were derived. The only cambial derivatives that show little elonga-
tion with differentiation are vessel members and strands of axial 
parenchyma cells. 
The bulk of the wood of Aeschynomene hispida is built up of axial 
parenchyma cells and vessel members which do not undergo any e1onga-
1972] 
FIG. 8 - Mea n 
length of fusi-
form initials, 
plotted against 
radial distance 
from the stem 
centre, 
FIG. 9 - Mean 
width of fusi-
form initials, 
plotted against 
radial distance 
from the stem 
centre. 
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tion with differentiation. These cells, therefore, replicate closely the basic 
cell pattern found in the vascular cambium of this species. Even the 
fibres do not show any appreciable elongation, Where their tips do 
intrude between the cells in adjacent storeys, the main part of the cell 
remains generally fusiform in outline within the confines of the original 
storey. It was possible, therefore, to study the developmental changes 
occurring in the vascular cambium relatively easily in this plant, by 
examining transverse and tangential longitudinal sections of the xylem 
and cambial regions. 
When a stem expands radially, the number of cells in the cambium 
is continually increasing to keep pace with the increasing circumference 
of the stem. In the gymnosperms and dicotyledonous plants with the 
non-storeyed arrangement of fusiform initials in the cambium, the 
processes responsible for the circumferential expansion of the cambium 
are complex because they involve the interplay of a number of factors; 
the frequeqcy of pseudotransverse division, the amount and timing of 
the elongation of the new daughter cells to reach their final size, and the 
preferential loss of some of these new cells (Philipson et aI., 1971). 
Aeschynomene hispida is an interesting plant in which to study the fre-
quency of anitclinal division in the cambium because the elongation of 
daughter fusiform initials, and the preferential loss of some of these, is 
eliminated by the nature of the division pattern within the storeyed 
cambium. 
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In Aeschynomene hispida anticlinal division in the fusiform initials 
of the cambium, in most cases, takes the form of a radial longitudinal 
division running the full length of the parent cell. Such divisions are 
easily detected in transverse sections of the secondary xylem as a 
doubling in the radial files of cells (see Fig. 2). The occasional transverse 
division in the cambium does not add any new cells in the tangential 
plane of the expanding cambium, but does result in the production of a 
number of short storeys after further radial longitudinal division. 
Although such transverse divisions were only occasionally observed, they 
are probably responsible for the slight decrease in the mean cell length 
recorded with increasing distance from the stem centre (see Fig. 8). No 
oblique anticlinal divisions were recorded. The measured frequency of 
radial longitudinal division in the cambium of Aeschynomene hispida, 
determined from observations on transverse sections of the secondary 
xylem, therefore accounts for all the anticlinal divisions that have added 
in any way to the expanding circumference of the cambium. 
Over the first few centimetres of radial growth the perimeter of the 
stem is increasing very rapidly, and a much higher rate of anticlinal 
division is required to provide new initials for the cambium than is 
required later in radial growth (Philipson and Butterfield, 1967). Since 
the circumference of the expanding cambium is proportional to its 
radius (C = 27r r), for a 1 mm increment of radial growth occurring 
from 1-2 mm from the stem centre, for example, the cambial circum-
ference will have doubled. In a plant with a storeyed cambium, where 
anticlinal division is of the radial longitudinal type, in theory every 
fusiform initials will have divided at least once. As radial growth 
proceeds, however, the percentage of such cells that need to divide 
decreases. For 1 mm of radial growth between 20 and 21 mm from the 
stem centre, only 1 cell in every 20 fusiform initials in a storeyed cam-
bium will need to divide. The theoretical frequency of anticlinal division 
is graphed in Fig. 10, line A. It is clear, therefore, that a higher frequency 
of anticlinal division in the cambium is required close to the stem centre 
than is required later in radial growth when the cambial cylinder has 
attained a greater diameter. This phenomenon has been recorded for a 
number of plants with non-storeyed cambia (Bannan, 1950, 1960; Srivas-
tava, 1963; Cumbie, 1967), but has not previously been graphed for a 
plant with a storeyed cambium. Its significance in the overall division 
cycle of the storeyed cambium, therefore, has never been recorded. 
The recorded results for anticlinal division in the cambium of 
Aeschynomene hispida, graphed as a percentage of fusiform initials 
undergoing division, are presented in Fig. 10, line B. This pattern cor-
responds closely with the theoretical curve on the same figure. Over the 
early part of radial growth there is an apparent deficiency in the pro-
duction of new fusiform initials to meet the demands of the rapidly 
expanding cambial circumference. This appears to be compensated for by 
the increase in the tangential dimensions of the cells over this period of 
radial growth (see Fig. 9). Throughout the later part of radial growth, 
the frequency of anticlinal division in the fusiform initials is slightly 
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FIG. lO-Line A: The theoretical percentage of the fusiform 
cambial initials that need to divide anticlinally per milli-
meUe of radial growth, in order to supply the needs of the 
expanding L:ambial cirr:umference. Line B: The measured 
percentage of the fusifoffit initials of Aeschynomene hfspida 
that divided radial longitudinally per millimetre of radial 
growth. 
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higher than the theoretical figure because of the percentage of the cambial 
cylinder occupied by the ray initials. In Aeschynomene hispida these 
initials do not add greatly to the cambial circumference by anticlinal 
division. Even when the rays become multiseriate they rarely exceed the 
tangential dimensions of the fusiform cells. The presence of these groups 
of ray initials partly explains the discrepancy between observed and 
theoretical frequencies of anticlinal division in Fig. 10. 
It is clear from this study that in plants with storeyed cambia, the 
diameter of the cambil1m at the time of its initiation will have a direct 
bearing on the subsequent arrangement of the fusiform initials. The 
smaIler the diameter of the cambium at its initiation, the higher will be 
the rate of anticlinal division required during the early stage of secondary 
growth. Such stems tend to have a more highly developed storeyed 
pattern at any given radial distance, than stems in which the cambium, 
as such, begins its activities outside a considerable thickness of pith and 
primary xylem tissues. 
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ABSTRACT 
The lengths and widths of fusiform cambial initials and vessel memben are 
examined in Hoheria angus/ifolia Raoul, a habit-heteroblastic tree with a storeyed 
cambium. 
A significant correlation is shown to exist between the lengths of the fusiform 
cambial initials and the vessel members in the last formed xylem in a number of 
trees sampled at various heights. 
No change in mean vessel member length could be detected with increasing 
distance from the stem centre in nine discs, though in one stem with a markedly 
eccentric growth, cell length decreased slightly with distance from the stem centre. 
Within the individual growth rings, the mean length of the vessel members tends 
to increase towards the late wood. This change is brought about by an increasing 
angle of the end wall in the late wood vessel members, and is not a result of 
developmental changes occurring in the vascular cambium. It is, therefore, con-
cluded that the fusiform cambial initials in this species normally proceed without 
change in length from the onset of secondary growth. 
Although individual trees showed a variety of cell length sequences, the means 
of fusiform initial lengths for fixed heights in a number of trees showed a slight 
decrease with increasing height in the tree. The analyses of variance indicated a 
significant difference between samples at various heights, but not between trees. 
and showed that the linear decrease in cell length up the tree was responsible 
for most of the differences among the height samples. 
Mean fusiform initial width showed an increase followed by a decrease with 
increasing height up the tree. Except at the lower levels in the tree, this appears 
to be related to the cambial radius. 
INTRODUCTION 
The literature relating to cell size variation in the secondary xylem 
of woody plants is vast (see reviews by Spurr & Hyviirinen 1954, Din-
woodie 1961. and Philipson et ai. 1971). In view of the importance of 
wood as a raw material this is not surprising. Factors such as cell length. 
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width, and wall thickness have been examined in many tree species with 
respect to position in the tree, the age of the plant, genetic constitution 
of the species, and environmental factors. The overall picture, never-
theless, is complex and the various findings are at times cont1icting. 
Since the time of Sanio (1872), whose findings for Pinus sylvestris 
are now regarded as "Sanio's Laws", wood anatomists have attempted 
to establish patterns of cell length variation within the growth ring, across 
the stem from pith to bark. and up the tree. Attempts have been made 
to relate these findings to the rates of radial and terminal growth of the 
shoots. Seedlings have been subjected to various day length and tempera-
ture regimes in attempts to establish the causes of these variation pat-
terns. eel! length. in particular tracheid and fibre length variation, has 
been the subject of most of the studies. By comparison, cell width and 
wall thickness variation patterns have received less attention. Because 
of their greater potential economic importance, coniferous tree species 
have been studied more intensively than have angiosperm species. 
The length of the axial cells in the xylem is dependent on two 
factors, namely the length of the fusiform initials from which they are 
derived by periclinal division. and the amount of intrusive growth which 
they undergo during their differentiation. Unfortunately, it is not pos-
sible to separate these factors in an examination of the mature secondary 
xylem of most woods. Tracheids and fibres undergo quite appreciable 
amounts of intrusive tip growth during their differentiation, the actual 
amount varying with the season during which these cells are laid down. 
Vessel members and strands of axial parenchyma cells undergo fewer 
changes in length with differentiation and are, therefore. most likely to 
represent the sequence of size changes that have occurred within the 
vascular cambium. Few studies, however, have been made on the size 
variations of these cells or their relationship to the size of the fusiform 
cambial initials. 
In addition to the size changes that result from varying amounts of 
intrusive tip growth of the xylary derivatives during their differentiation, 
differences in the length of these cells with position in the tree are also 
the result of changes that have occurred within the vascular cambium 
with radial growth. Once a population of cambial initials has become 
established at the end of primary growth, it will move horizontally out-
wards, normally dividing off new xylem cells to the inside and new 
phloem cells to the outside. This radial growth is accompanied by cir-
cumferential expansion of the cambium, a process which involves an 
increase in the number of fusiform initials. In plants with a non-storeyed 
cambium, this occurs by means of a pseudotransverse wall being laid 
down usually near the centre of the dividing cell. The two daughter fusi-
form initials so formed then elongate by the intrusive growth of their cell 
tips. The resultant size of the fusiform initials in the non-storeyed 
cambium is governed, therefore, by the frequency of pseudotransverse 
division and the rate and amount of elongation of the new initials. The 
preferential loss of short fusiform initials following pseudotransverse 
division adds a further complication. 
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The nature of the division cycle with circumferential expansion in 
plants with a storeyed cambium is such that one would expect to find 
little change in size of the fusiform initials with radial growth. In these 
species, radial longitudinal divisions divide the parent fusiform cambial 
initials from tip to tip (Philipson et al. 1971). Repeated antIclinal 
division of this type results in the fusiform initials lying in neat rows or 
storeys when viewed tangentially. Apart from the minor rearrangement 
of the cell tips (Beijer 1927) daughter cells show little or no intrusive 
growth following such division. Indeed, if newly formed fusiform initials 
were to crowd past one another, the storeyed or stratified arrangement 
would rapidly be lost. Once laid down at the onset of secondary growth 
a popUlation of fusiform cambial initials, therefore, should maintain a 
more or less constant cell length with radial growth in plants possessing 
storeyed cambia. 
The object of this study is to examine the effect of radial growth 
on the apparent length of the fusiform initials, using the vessel members 
as an indication of fusiform initial length, to relate the length of the 
vessel members in the last formed xylem to the length of the fusiform 
initials. and to ~'ltablish any patterns of variation in length and width 
of fusiform initials with position in the tree for Iloheria angustifolia 
Raoul. a plant with a storeyed cambium. 
MATERIALS AND METHODS 
Fifteen Iloheria angustifolia trees growing on Banks Peninsula, New 
Zealand, were used in this study. All were growing in open situations in 
full sunlight. As this species illustrates leaf and habit heteroblastism 
(Philipson 1963). specimens were selected so that five showed mature 
adult form with adult foliage, five were intermediate in form and leaf 
shape, and five were juvenile in form and bore small juvenile leaves. 
These trees were designated AI-5, II-5, Jl-5 respectively. Discs of wood 
were cut from the leading stem or trunk of each tree at 3-ft intervals 
beginning at the 2-ft leveL The stem material of small diameter was 
fixed immediately in formalin-aceto-alcohoL The larger discs of wood 
were taken to the laboratory and transferred to FAA. 
Cubes of wood including the cambium were cut from each disc of 
wood for trees Al-S, II-S, and Jl-S. All these specimens were dehydrated 
in t-butyl alcohol and embedded in paraffin wax. Tangential longitudinal 
sections about 10-12 !'Lm thick of the cambium and xylem were cut using 
a rotary microtome. The sections were stained according to standard 
safranin fast-green procedures and mounted in De Pex. Macerations 
of the secondary xylem were made using 50/50 nitrochromic acid mixture 
and mounted in glycerine jelly. 
Cell lengths and widths were measured using an overhead proiection 
system, the image of each slide being projected on to a calibrated scale. 
Usually, 25 or 50 cells were measured in each sample. A string bearing 
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two arrows lying over the projected image enabled cells to be randomly 
selected for measurement. A measuremental error of approximately 3% 
was incurred by this technique. Unless otherwise stated, all measure-
ments of vessel members and fusiform cambial initials were made from 
tip to tip of the cell. Cell widths were measured at the mid-point of the 
cell. Growth ring measurements were carried out directly on the stem 
blocks after the cut surfaces had been sanded. 
Cell length and width measurements were transferred to computer 
data cards and processed by the IBM 360/44 computer at the University 
of Canterbury. Computation of the basic statistics, analyses of variance, 
regression equations, and product-moment correlations were carried out 
by programs based on those pu blished by Sokal & Rohlf (1969) and 
designated A3.1, A3.4, A3.12, and A3.13 by these authors. 
In the course of this investigation 2540 microscope slides were pre-
pared and more than 50 000 cell measurements made. 
V ARIATION IN VESSEL MEMBER LENGTH AT ANY ONE LEVEL IN THE TREE 
From his observations on Pinus sylvestris, Sanio (1872) concluded 
that tracheid length at anyone level in the tree increased outwards from 
the pith through a number of annual rings until a certain size was 
reached, and then remained constant throughout the following rings. 
There has since been general agreement that there is an initial increase 
in tracheid and fibre length over the early part of radial growth in both 
gymnosperms and angiosperms, but investigations beyond this point are 
somewhat contradictory. While some investigators have recorded results 
similar to those of Sanio, others have recorded a decrease, an increase, 
or considerable fluctuation in cell length after the initial increase 
(Din woodie 1961). 
Vessel members have received considerably less attention than have 
tracheids and fibres in these attempts to establish the pattern of cell size 
changes across the stem. Pritchard & Bailey (1916) found no difference in 
vessel member length in Carya ovata with radial distance from the pith. 
A similar result has been recorded for late wood vessel members in 
Fraxinus excelsior by Bosshard (1951). Hejnowicz & Hejnowicz (1958) 
found that vessel member length doubled between the first and last growth 
rings in a 31-year-old stem of Populus tremula. Fabri Tarchi (1963), 
however, recorded a decrease in vessel member length with distance from 
the stem centre in Prunus persica. Assuming that vessel members 
approximate the length of the fusiform cambial initials, these sequences 
probablY result from the developmental changes that have occurred in 
the non-storeyed cambia of these species with radial growth. 
The only studies on vessel member length in storeyed woods are 
those by Chalk et al. (1955), who found no change in cell length with 
distance from the pith in Pterocarpus angolensis, Nesogordonia papa-
verifera, and Aeschynomene elaphroxylon. Rao (1962), who recorded a 
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FIG. I-The way in which the I mm 
thick wood samples were re-
moved from along the radius 
of each stem disc studied. 
Scrapings of macerated wood 
were prepared from the outside 
of each slice. 
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similar result for Robinia pseudoacacia, and Hejnowicz & Hejnowicz 
(1959), who recorded a slight increase in vessel length with radial growth 
also in Robinia pseudoacacia. 
Most woods show a within-ring variation pattern, the cells of the 
early wood generally being shorter than those produced later in the same 
annual ring. This variation pattern has been recorded for the vessel 
members of some non-storeyed woods (Chalk & Chattaway 1935, Bissett 
& Dadswell 1950, Bosshard 1951, Swamy et al. 1960) as well as for 
tracheids and fibres in many species (Dinwoodie 1961). Such size 
changes have been recorded for fibres in woods with storeyed cambia 
(Chalk et al. 1955), but not for vessel members. 
METHOD 
Rectangular blocks of wood were cut from 10 Hoheria angustifolia 
stem discs. The sample numbers are indicated in Table 1. All except 
sample 10 came from the adult trees Al-5 listed earlier. Sample 10, 
taken from an inclined branch of another adult tree, included reaction 
wood. Each block was cut so as to pass from the stem centre out along 
a radius to the cambium, measuring 6 mm wide on the transverse face 
and 12 mm deep on the radial face. After staining the sanded transverse 
surfaces with a methylene-blue/malachite-green solution, the positions 
of the growth ring boundaries were noted. 
Each sample was then cut into I mm wide slices, an oblique cut first 
being made along the block in order to assist sample orientation (Fig. 1). 
After gentle maceration, each slice was washed in distilled water and a 
scraping of the separated cells taken from its outer face. Where possible 
the lengths of 25 vessel members were measured in each preparation. 
The widths of the same 25 vessel members were also recorded for rings 
6 to 9 in the A I, 2-ft sequence and correlation coefficients calculated. 
RESULTS 
The vessel member lengths for each millimetre of wood from the 
stem centre to the cambium for three of the discs, trees A I, A2, and 
A4 (all at the 2-ft level), are presented in Fig. 2 (a)-(c). The positions 
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FIG. 2-The relation of mean vessel member length to radial distance from the 
stem centre in four of the discs of Hoheria angrwifolia examined. (a) 
tree AI, 2ft, (b) tree A2, 2ft, (c) tree A4, 2ft, (d) reaction wood disc. 
The bar marks indicate the 95% confidence limits of the mean (± 2 
standard errors). Occasional figures along the x-axis indicate the number 
of vessel members where fewer than 25 were measured. The Kolmogrov-
Smirnov statistic dmax indicated a non-normal distribution for the sample 
marked with an a5terisk. The positions of the growth ring boundaries to 
the nearest millimetre are indicated by the heavy lines and the rings 
numbered. C indicates the cambium. 
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of the growth ring boundaries to the nearest millimetre are also indi-
cated. Except where indicated, the Kolmogorov-Smirnov statistic dmax 
for each sample is below 0.316. the critical value for samples where 
n = 25. It is, therefore, assumed that there is no evidence to suggest 
anything other than a normal distribution within most samples. The 
95% confidence limits (mean -+ 2 standard errors) are indicated by bar 
marks. The results for six of the other seven discs are not graphed, but 
they showed essentially the same pattern. 
The results of these measurements indicate that there is no signifi-
cant change in vessel member length with radial distance from the stem 
centre in Hoheria angustifolia. The absence of any trend in vessel mem-
ber length upwards or downwards with radial distance from the stem 
centre is confirmed by the fact that the 95% confidence limits of the 
slope of the regression equations for each sample lie on either side of 
zero (Table I). 
The tenth disc examined showed an eccentricity due to the presence 
of tension wood on one side of the stem. The vessel member lengths for 
each mm of wood on either side of the stem are presented in Fig. 2 (d). 
The confidence limits for the slope of the regression equation for vessel 
member length in this sample indicate a slight decrease in length with 
radial distance from the stem centre in the tension wood (Table I). 
It is evident from Fig. 2 that there is a tendency for the late wood 
vessel members to be slightly longer than the early wood cells in many 
of the growth rings, but in most cases the 95% confidence limits overlap. 
Mean vessel member lengths from the first and last mm samples in each 
growth ring are tabulated in the last two columns of Table I. Without 
exception these means indicate that the late wood vessel members are 
very slightly longer than those found in the early wood. 
The lengths and widths of the vessel members from rings 6-9 
inclusive in tree Al (2-ft level) show a negative correlation significant to 
the 99% level (Table 2A). An analysis of the angle of the end walls 
of these cells indicates that the wider, shorter cells tend to have nearly 
transverse perforation plates at both ends, but the narrower vessel mem-
bers have one or both end walls at an angle and are probably slightly 
longer as a consequence (Table 2B). The slight changes in mean vessel 
member length within the growth rings indicated by Fig. 2 and Table I, 
therefore, do not result from changes that have occurred in the length 
of the fusiform cambial initials with season, but result from a tendency 
for the late wood derivatives of the cambium to differentiate into 
narrower vessel members with more oblique end walls than those of the 
early wood. 
THE RELATIONSHIP OF FUSIFORM CAMBIAL INITIAL LENGTH TO VESSEL 
MEMBER LENGTH 
There are few published results on the relation in size between the 
fusiform cambial cells and their derived elements. Bailey (1920), from 
TABLE I-Tree numbers and heights from which the J(} discs were examined to determine the changes in vessel member length with '''-';' 
-0 distance from the stem centre, the number of vessel members measured for each disc, their mean length, and the regression 00 
equations for each. The mean lengths of the vessel members from the first and the last mm sample of each growth ring are 
shown in the last two columns. 
Regression 
equation 
Mean (95% Mean length Mean length 
vessel confidence early wood late wood 
Cambial No. of No. of member limits of vessel vessel 
Tree Height radius growth measure- length slope) members members 
Sequence no. (ft) (mm) rings ments (I'm) y (p.m) (p.m) 
AI 2 81 17 1987 252.0 246 -+- O.13x 243.8 257.0 Z (- om 0.28) 0> ~ 
2 Al 5 63 13 1486 257.3 249 .J 0.17x 246.2 263.9 N (- 0.05 .. OAO) 
3 A2 2 46 12 1147 293.1 311 - 0.49x 289.6 298.7 fS 
(- 1.02 + 0.04) iii :l 
4 A2 5 37 8 917 267.3 259 + 0.43x 251.2 277.6 c.. 
(- 0.85 1.01 ) '"-< 0 5 A3 2 57 16 1469 260.9 260 + O.Olx 256.7 262.3 c: 
(- 0.11 ~ 0.14) .., ::J 
6 A4 2 52 11 986 264.6 254 + 0.47x 259.5 2611.3 :::.. 
(- 0.97 0.04) 0 
7 A4 5 33 S 796 272.8 279 0.37x 262.6 277.8 .... 
(- 0.83 0.10) t:ti 
8 AS 2 63 16 1439 298.6 302 OJOx 290.3 301J 2-p.: ( 0.24 0.05) :l 
9 AS 5 46 12 1109 271.5 264 O.33x 266.5 278.5 '<: 
(- 0.17 0.83) 
-10 Reaction wood 37(8) 10(4) 375 261.8 274 0.56x 
sample (- 1.07 0.05) \C 
-..I 
<...J 
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a comparative study of the size variation of fusiform cambial initials and 
their derivatives in Ginkgo and the Coniferae, concluded that the lengths 
of the tracheids of the last formed xylem closely resembled the lengths 
of the fusiform initials from which they were derived, but were slightly 
longer. This relationship has been generally thought to apply to most 
conifers and a great number of studies on the changes in cell length in 
the conifer cambium have now been based on this assumption. In dicoty-
ledons, Bailey found that the initials were much shorter than the fibres 
but were approximately the same length as the vessel members. Chat-
taway (1936) found that the fibres in dicotyledonous woods can be 1.1 
to 9.5 times longer than the cambial initials, though elongation to several 
times the initial length only occurs when the initials are very short. 
As most of our present information on developmental and size 
changes occurring in the vascular cambium of plants has been obtained 
from investigations on the secondary xylem, and not from direct examina-
tions of the cambium itself, it is surprising that more attempts have not 
been made to establish the size relationship between fusiform initials 
and their derivatives. 
METHOD 
Twenty-five samples including wood and bark from 8 trees (AI-5. 
11, 2. and 4) were examined. the trees and heights from which the 
samples were removed are listed in Table 3. Serial tangential longi-
tudinal sections of the cambium were cut from each (wood) sample by 
the standard paraffin technique. Twenty-five fusiform initials selected at 
random were measured from each sample. Small cubes of wood from 
behind the cambium were isolated and macerations prepared from the 
TABLE 2-A: the length to width relationship of the vessel members from the rings 
6-9 inclusive of tree Al (2-ft level). 
A. 
B. 
B: the relationship of vessel member length and width to the angle of the 
end wall. 
No. of vessel 
members Mean S.E. Mean S.E. Correlation 
measured length width coeffi ci en t 
(I'm) (I'm) 
450 266.5 1.4 54.7 1.1 ----{).186· * 
Regression equation: Length = 454 - 3.4 width 
............. --~ .. ~ .. ------
Mean S.E. Mean S.E. 
length width 
(/lm) (I'm) 
Both end walls 
transverse 251.9 2.1 62.3 1.6 
One end wall 
oblique 289.4 4.0 46.3 3.6 
Both end walls 
oblique 296.1 1.9 42.9 1.6 
........ - .. ~ .. . -.~--.. ~ .. .-.--.---.. ~ .. 
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TABLE 3-Correlation of mean fusiform initial length (Y"r) with mean vessel 
member length (Yv) from the last formed xylem, and their 95% confidence 
limits, and the Kolmogorov-Smirnov statistic dmax. resulting from a com-
parison of the observed sample with a normal distribution based on the 
sample mean and variance. The value of t for a comparison of the means 
is shown in the last column. (For 48 degrees of freedom, the critical values 
of tare t 0.05 = 2.01, t 0.01 2.68, t 0.01 3.49. ) 
Sample Tree Height Y, dmax V,. dmax tf,v 
(95% (95% 
confidence confidence 
limits) limits) 
(ft) (pm) (pm) 
Al 2 263.6 0.12 246.3 0.12 2.00 
(253.4-273.8) (233.9-258.7) 
2 Al 5 268.6 0.11 283.2 0.10 1.96 
(257.8-279.4) (272.8-293.6) 
3 AI 8 252.6 0.12 267.8 0.16 1.68 
(237.2-268.0) (258.5-277.0) 
4 AI 11 232.6 0.10 237.2 0.17 0.53 
(218.2-247.0) (228Jl-245.6 ) 
5 A2 2 286.6 008 277.1 0.13 1.27 
(280.2-293.0) (269,5-284.7) 
6 A2 5 273.5 0.10 259.1 0.18 1.54 
(26L3-285.7) (244.9-273.3 ) 
7 A2 8 272.3 0.06 270.9 0.17 0.21 
(261.5-283.1) (264.1·277.7) 
8 A2 II 259.5 0.12 270.3 0.08 1.29 
(245.7-273.3 ) (261.1-279.5) 
9 A3 2 269.3 0.09 281.2 0.14 1.85 
(259.9-278.7) ( 272.6-289.8) 
10 A3 5 254.9 0.08 261.3 0.1 I 1.10 
(246.9-262.9) (251.9··270.7) 
11 A3 8 251.2 0.14 269.2 0.16 3.09" 
(244.8-257.6) (262.8-275.6) 
12 A3 11 252.0 0.14 266.7 0.09 2.03 
(246.4-257.6) (259.5-273.9) 
13 A4 2 268.2 0.10 298.1 0.11 3.83'·' 
(2566-279.8) (287.7-308.5) 
14 A4 5 280.2 0.10 283.9 0.12 0.94 
(266.4-294.0) (274.1··293.7) 
15 A4 8 263.2 0.06 310.2 0.10 5.92"· 
(253.4-273.0) (297.8322.6) 
16 A4 11 265.0 0.09 270.2 0.11 1.45 
(252.2-277.8) (258.2-282.2) 
17 A5 2 313.3 0.11 292.8 0.13 1.92 
(300.5-326.1 ) (281.8-303.8) 
18 A5 5 277.1 0.09 281.6 0.12 0.56 
(263.3-290.9) (273.4-289.8) 
19 A5 8 270A 0.13 270.3 0.12 0.01 
( 257.8-283.0) (262.7-277.9) 
20 A5 1I 252.7 0.10 277.3 0.10 1.77 
(235.1-270.3) (266.5-288.1) 
21 A5 14 256.8 0.13 260.0 0.12 0.73 
(240.6-273.0) (251.0-269.0) 
22 II 2 269.3 0.06 274.7 0.11 1.37 
(263.2-276.3) (266.9-282.5) 
23 12 2 288.7 0.09 283.9 0.11 0.65 
(276.7-300.7) (275.7 .. 292.1) 
24 12 5 269.4 0.12 250.5 0.14 2.65· 
(259.2-279.6) (242.1-258.9) 
25 14 2 280.1 0.16 282.1 0.15 0.25 
(268.7-291.5) (272.5-291.7) 
-"---
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outside face of each block. Every effort was made to ensure that these 
preparations included fully differentiated vessel members from wood as 
close to the cambium as possible. Twenty-five cells were measured in 
each of these macerations. 
RESULTS 
The mean lengths of the fusiform cambial initials and vessel mem-
bers and their standard deviations, the confidence limits at the 95% 
level. and the Kolmogol'Ov-Smirnov statistic dmax for e3.ch sample are 
presented in Table 3. In all 50 samples the dmax values were below 
0.316, the critical value for samples of 25. There is no evidence, there-
fore, to suggest anything other than a normal distribution. A number 
of samples were also frequency checked on probability graph paper 
and straight-line graphs confirmed normal distributions in each case. 
Transformation of the data was therefore considered unnecessary. 
The t-values for the comparisons between the pairs of means are 
also shown in Table 3. In only four of the 25 pairs of samples are signifi-
cant differences between the mean fusiform initial length and the corres-
ponding mean vessel member length detected: samples 11 (tree A3, 8 ft), 
13 (tree A4, 2 ft), 15 (tree A4. 8 ft), and 24 (tree 12, 5 ft). When all 
25 pairs of samples are compared the product-moment correlation co-
efficient is significant to the 99% level, indicating a real and positive 
correlation between the pairs of samples (Table 4). A better correlation, 
significant to the 99.9% level, is obtained when samples 11, 13, 15, and 
24 are ignored. The correlation is graphed in Fig. 3 showing the principal 
axis and the 99% confidence ellipse for the grand mean. 
A positive relationship between fusiform cambial initial length and 
the length of the vessel members derived from them is therefore estab-
lished. the vessel members having a similar length to the fusiform 
initials. 
V ARIATION IN FUSIFORM CAMBIAL INITIAL LENGTH WITH HEIGHT IN 
THE TREE 
In many plants with non-storeyed cambia, there is a gradient in 
tracheid and fibre length along the axis of the tree. When the pattern 
TABLE 4~ The means of the mean lengths for fusiform cambial initials and ve~sel 
members and their standard errors, the product-moment correlation co-
efficients, and the equations of the principal axes for all 25 pairs of samples 
and for 21 pairs of samples (samples 11,13, IS, and 24 omitted). 
n 
15 
21 
y, 
268.9 
269.9 
SEt 
3.4 
3.8 
y, 
272.6 
269.9 
SE, 
3.3 
3.0 
-~~'----------""-----
Correlation 
coefficient 
0.496" 
0.673*·' 
Equation of 
principal axis 
-20.5 + I.06Yv 
-98.9 + !.36Y,. 
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FIG. 3-The relationship be-
tween mean lengths of 
fusiform cambial initials 
(Yd and vessel elements 
from the last formed 
xylem (Y,). The straight 
line indicates the princi-
pal axis and the ellipse 
the 99% confidence level 
for the grand means for 
all 25 samples. 
:]:' : ,. 3 ...• " I I .. ; 40 ...::." " ';:'~'J 
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FIG. 4-Changes in mean fusiform cambial initial length with height in the tree 
in (a) 5 adult trees and (b) 5 intermediate trees. The bar marks indicate 
the 95% confidence limits of the mean (± 2 standard errors). Where the 
number of fusiform initials measured was less than 50, this is indicated near 
the top of each bar. The radius of the stem disc within the cambium and 
the number of growth rings in the secondary xylem are also indicated for 
each .. ample. 
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of cell length has been followed upwards in the same growth ring. the 
average length has been found to increase from the base upwards to 
reach a maximum and then to decrease gradually towards the top of the 
stem (Sanio 1872; Dinwoodie 196], 1963). The point of maximum cell 
length occurs at approximately one-third of the tree height and therefore 
occurs at progressively higher levels in successive annual rings. 
While this pattern of variation with height in the tree is well known 
for fibres and tracheids, there have been few studies on vessel members. 
Hejnowicz & Hejnowicz (1958) have recorded an increase, followed by 
a decrease, in vessel member length with height in the tree in Pupulwi 
lremula, as has Rao (1962) for vessel members in Acer pseudoplatanus, 
Quercus robusta, and Robinia pseudoacacia. The last named of these 
three trees has a storeyed cambium. The study of vessel member length 
in Robinia pseuduacacia by Hejnowicz & Hejnowicz (1959) did not 
reveal sufficient information for this trend to be confirmed. 
METHOD 
Small cubes including wood and bark were removed from the out-
side of the stem discs taken from the trees A]-5, 11-5, and 11-5. These 
discs had been cut at 3-ft intervals from the trunks of each tree. Serial 
tangential longitudinal sections were prepared from each sample using 
the standard paraffin technique. 
Sections containing predominantly cambial cells were selected for 
measurement and the lengths and widths of 50 randomly selected fusi-
form cambial initials were measured using an overhead projection system. 
These measurements were transferred to computer cards and the basic 
statistics computed. 
RESULTS 
Fig. 4 presents means and their 95% confidence limits for fusi-
form initial length at selected heights for trees AI-5 and II-5. Due to the 
small diameter of the 11-5 stems discs. tangential longitudinal sections 
cut from them contained insufficient areas of cambium for 50 fusiform 
initials to be measured by the technique used in the study. 
Although no trend in fusiform initial length with height in the trees 
is evident from most of the sequences illustrated in Fig. 4, the means for 
each height do indicate a slight downwards trend with height when the 
trees are taken collectively (Fig. 5). The analysis of variance based on 
trees (Table 5A) shows that there is no significant difference in the fusi-
form cambial initial lengths among the trees, but there are significant 
differences among the various height samples among the trees. Further 
analysis of variance indicates that the among-heights difference is caused 
mostly by the linear decrease in cell length with increasing height in 
the tree (Table 5B). 
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FIG. 6-Mean tangential width of fusiform cambial initials at selected heights in 
the tree in (a) 5 adult trees and (b) 5 intermediate trees, and their 95% 
confidence limits. Figures for cambial radius and the number of growth 
rings within the cambium are the same as in Fig. 4. 
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TABLE 5-Analyses of variance for fusiform cambial initial length based on A, 
trees and B, heights. There is no significant cell length difference among 
different trees, but there is a highly significant difference in cell length among 
heights among the trees. When based on the individual heights, this signifi-
cant difference is caused mostly by the linear decrease in cell length with 
height in the tree . 
. --_ .... _ .. 
Degrees Mean Variance % variance 
of freedom squares ratio components 
A. Among trees 9 14760 1.70ns 3.3 
Among heights 
15.5 and trees 27 8542 10.18"" 
Within samples 1751 839 81.2 
B. Among heights-
linear component 2153 41.40** 
Among heights-
remainder J 53 0.39ns 
Within heights 32 132 
~ ... ------.- ... _-------
Data on the widths of the fusiform cambial initials are presented 
in Fig. 6 and the analysis of variance in Table 6. In the five larger trees, 
fusiform initial width increases, and then decreases, with increasing 
height in the tree. This pattern is followoo for the mean initial width 
when all the 10 trees are taken collecti vel y (Fig. 7). As the radial dis-
tance of the cambium from the stem centre decreases with increasing 
height in the tree, mean fusiform initial width is likely to be related 
either to this factor (Fig. 8) or to a relatoo one, the number of growth 
rings behind the cambium. In fact. cell width was found to be more 
closely related to the cambial radius than to the number of growth rings 
behind the cambium. Except at the lower levels of the larger trees, fusi-
form initial width would appear to be related to the cambial radius. 
DISCUSSION 
This investigation has shown that there is no change in the length of 
the fusiform cambial initials with radial growth in Hoheria angustifolia. 
The minor fluctuations that occur in the length of vessel members within 
the growth rings are caused by minor changes in the angles of the end 
TABLE (i-Analysis of variance for fusiform cambial initial width based on trees. 
There is no significant difference in widths among trees but there is a highly 
significant difference in cell width among heights among the trees . 
--_ .. 
... -----
Degrees Mean Variance '10 variance 
of freedom squares ratio components 
- ..... ~---.... .... --~--.... .... ----..... ~ ... ----.... 
Among trees 9 54.9 1.27ns 1.5 
Among heights 
and trees 24 43.1 11.42"· 17.0 
Within samples 1666 3.7 81.5 
406 
17 
16 
JJrtl 
I I" >-
0 ;: 
.J 14 
., 
W 
Ll 
13 
0 
0 
8 • j o· ~ 
0 0 D. 
8 § 
2 leet 5 8 
TREE HEIGl-IT 
New Zealand Journal of Botany II. 1973 
Ii 
8' 
'1 14 
FIG. 7-Mean fusifonn cambial 
initial widths for the in-
dividual trees plotted 
against tree height. The 
mean for the trees at 
each height is also indi-
cated (the x's are offset 
slightly to the right in 
each case). 
walls of these cells. This is a significant result because it indicates that 
the mean length of a population of fusiform cambial initials, in this 
species, can remain unchanged from the onset of secondary growth, and 
probably reflects the length of the procambial cells. Such a relationship 
is not possible in plants with a non-storeyed cambium where circum-
ferential expansion of the cambium is brought about by pseudotransverse 
anticlinal divisions of the fusiform initials, followed by intrusive growth 
of the daughter cells, and the preferential loss of some of these. Even 
in a wood possessing a storeyed cambium, slight increases or decreases 
in mean fusiform initial length with radial growth can result from the 
preferential loss of the shorter or longer fusiform initials, Or the con-
version of these into new ray initials. A slight decrease in the length 
of parenchyma cells in Aeschynomene hispida Willd., another plant with 
a storeyed cambium, has been recorded by Butterfield (1972). In this 
species, however, occasional transverse divisions of the fusiform initials 
were responsible for the decrease in cell length with secondary growth. 
Unfortunately, because of the large amount of cell readjustment that 
occurs with differentiation in Hoheria angustifolia, it was not possible 
to detect whether any such transverse divisions had occurred in the fusi-
form initials of this species. 
A positive relationship between fusiform cambial initial length and 
the length of vessel members in the wood behind the cambium has also 
been established for Hoheria angustifolia. This confirms the general 
relationship between the length of these cell types proposed by Bailey 
(1920). The lengths of the vessel members and fusiform cambial initials 
are similar, indicating that no transverse divisions occur in the xylem 
mother cells before the differentiation of the vessel members. Some 
rearrangement of the end walls must occur, as the fusiform initials have 
pointed hexagonal tips and the mature vessel members have simple 
slightly oblique to transverse end walls. The extent of this rearrangement 
would appear to vary between the early wood and late wood cells within 
each growth ring. As a general trend, the early wood vessel members 
are slightly wider and shorter than the late wood vessel members and 
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have transverse end walls, and the latter have oblique end walls. The 
positions of the growth ring boundaries in Fig. 2 are to the nearest milli-
metre, so that some experimental error is involved in the summation of 
cell dimensions from the first and last mjJlimetre samples from each 
growth ring. 
As the wood collections were all made on the same day (18 February 
1965), the slight within-ring variations in vessel member length are not 
responsible for the poor correlation in 4 of the 25 pairs of samples where 
vessel member and fusiform initial lengths were compared, It is obvious 
from the measurements of fusiform initial lengths with height in the tree 
(Fig. 4) that some quite considerable variations in length occur with 
position in the tree. It is of considerable importance, therefore, that 
samples of vessel members and cambial initials in this species come from 
exactly adjacent positions in the stem. 
The within-ring variations in the dimensions of the vessel members 
are in themselves interesting though their measurement was not intended 
to be a major part of this study. The variation in tracheid and vessel 
member length within the growth ring of most woods is generally 
attributed to seasonal differences in the frequency of pseudotransverse 
divisions in the cambium (Bannan 1950), differing rates of elongation 
of the new daughter initials, and varying proportions of cell loss. The 
extent cf the elongation of the derivative cells after they have been cut 
off from the cambium is, therefore, difficult to assess in different parts 
of the gll'Owth ring. It must be assumed, however, that no such cyclic 
changes in length occur in the fusiform initials of a storeyed cambium 
such as l1oheria. Any pseudotransverse division late in the season would 
be perpetuated throughout subsequent radial growth, lowering the mean 
fusiform initial length. As this does not happen. the slight within-ring 
fluctuations in vessel member length must be attributed to adjustments 
to the end walls during differentiation. 
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A decrease in the mean length of the fusiform cambial initials with 
height in the tree occurs in Hoheria angustifolia, although considerable 
fluctuations in cell length are apparent in individual trees. This pattern 
differs from that established for most trees with non-storeyed cambia, 
where cell length increases and then decreases with increasing height in 
the tree. In these species at least part of the decrease in cell length up 
the tree must be attributed to the decreasing cambial radius, as this is a 
factor governing the length of the fusiform initials at anyone height 
(Hejnowicz & Hejnowicz 1958), As fusiform initial length is not 
dependent on the radial distance of the cambium from the stem centre in 
Hoheria, it implies that the decrease in fusiform initial length up the tree 
occurs with the ageing of the leading shoot. Such a result is not un-
expected. as it confirms the views of Dinwoodie (1963) and others that 
the activity of the terminal meristem could influence the length of the 
Eusiform initials in the cambium and, therefore, the length of their 
derivatives throughout the tree. 
The pattern of the fusiform initial length within the internodes of 
a stem has never been adequately investigated. Bailey & Tupper (1918) 
noted that tracheids tended to be shorter at nodes and other regions 
where growth adjustments occur. It is possible that internodal variation 
in the length of the procambial initials in Hoheria, perpetuated in the 
cambium even after radial growth. may be the cause of the considerable 
differences in the cell length sequences in the individual trees studied 
(Fig. 4). 
The mean width of the fusiform initials in Hoheria angustifolia 
increases and then decreases with increasing height in the tree. As stems 
taper with increasing height, fusiform initial width would appear to be 
governed by the radial distance of the cambium from the stem centre. 
A similar result has been recorded for Aeschynomene hispida (Butter-
field 1972), but in this case cambial derivatives were used to determine 
cell widths from a single stem disc. The circumferential expansion that 
accompanies radial growth would appear to be met in a storeyed wood 
by an increase in the tangential widths of the fusiform initials, as well 
as by anticlinal divisions in the radial longitudinal plane. The variation 
in the mean fusiform initial widths in Hoheria angustifolia stems greater 
than 25 mm radius remains unexplained. 
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